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ABSTRACT 
A purification procedure was developed which yielded phosphoenol-
pyruvate carboxylase (PEPC) of high specific activity from the crassulacean 
acid metabolism (CAM) plants A. comosus, ~. pinnatum and K. daigremontiana. 
In most cases the PEPC was contaminated with fraction-1 protein but in 
one instance the enzyme from K. daigremontiana was homogeneous. 
The patterns of elution of CAM plant PEPC from Cellex Dusing 
phosphate gradients were reproducible at pH 7.0 and 8.0 but there was 
some variability in the , peak elution concentrations of phosphate at 
intermediate pH. There was no chro~atographic evidence for isoenzymes 
of PEPC from CAM plants in the presence or absence of glycerol. 
The molecular weight of PEPC from the three CAM plants listed above 
were estimated using three different methods. All three alloenzymes 
retained activity at a high molecular weight, on Sepharose 6B columns 
in the presence of PEP or KCl as stabilisers. Molecular weights ranged 
from 500,000 to 400,000 daltons, depending on the protein concentration, 
pH and the presence of other proteins. On polyacrylamide disc gels 
the molecular weight of active PEPC from B. pinnatum was indistinguishable 
from that of purified ribulose bisphosphate carboxylase (RuBPC) from 
spinach. On polyacrylamide gradient gels, PEPC from A. comosus and 
K. daigremontiana migrated as an active protein molecular weight 
250,000 daltons but there was no activity associated with the major 
protein which migrated with a molecular weight of 450,000-500,000 daltons. 
These two preparations reacted when challenged with antiserum to RuBPC 
and after the PEPC preparation was treated with SDS, it contained 
smaller proteins correspond~ng in molecular weight to the subunits of 
RuBPC. Both preparations also contained a protein of about 100,000 daltons 
after SDS polyacrylamide electrophoresis. 
In one preparation of PEPC from K. daigremontiana, using an inter-
mediate step involving DE52 instead of Cellex D, no high molecular 
weight protein was detected on polyacrylamide gradient gels and all 
activity was confined to a protein at about 250,000 daltons. The 
subunit molecular weight of this homogeneous enzyme after treatment 
with SDS was about 110,000 daltons. No RuBPC subunits were visible 
and no antibody was precipitated wh~n the enzyme protein was 
challenged with RuBPC antiserum. Because this protein also retained 
activity at about 450,000 daltons on Sepharose 6B I conclude that the 
PEPC from K. daigremontiana and probably also that from~- pinnatum and 
A. comosus, may exist as active dimer or tetramer with subunit molecular 
weight 100-110,000 daltons. 
The carbon substrate utilised by purified PEPC from K. daigrernontiana 
-
was HC03 , both at pH 6.1 and 8.1 and the Krn(Hco;) was 16 µMat both 
pH values (measured at 13°C). The enzyme from A. comosus had a Km(Hco;) 
of 27 µMat pH 7.5 which increased to 69 µMat pH 7.8 (measured at 22°C). 
The K (PEP) of purified preparations of PEPC from CAM plants was lowest 
rn 
at about pH 7.0 (0.1 mM PEP) and increased at pH values above and below 
this region (0.5 rnM to 1111M at pH 6.0 and pH 8.0). The addition of 
1 rnM G-6-P to assays in the pH range 5.5 to 8.5 produced a marked decrease 
in the K (PEP) for purified PEPC from K. daigremontiana and A. comosus. 
m 
The effect was not obvious in assays with crude enzyme preparations, and 
1111M G-6-P did not alter the V of either crude or pure enzyme catalysed 
max 
reactions. 
The complex behaviour of purified PEPC from K. daigremontiana at acid 
pH (below 6.5), in the presence and absence of malate, makes the inter-
pretation of rate plots and kinetic difficult. In the presence of malate 
the time course of enzyme reaction changed depending on the concentration 
of malate, concentration of PEP, and the order of addition of the reaction 
components to the assay cuvette. At pH 6.3, 0.5 mM PEP protected the 
enzyme from malate inhibition when the reactions were initiated with 
enzyme and a reaction initiated by a similar sequence of addition with 
1 mM PEP and Oto 3 mM malate actually activated the enzyme. The 
preincubation of enzyme with 1 mM G-6-P mitigated against malate 
inhibition in a complex manner, and malate inhibition when the enzyme 
was not preincubated with malate but had no effect on enzyme which had 
been preincubated with malate. It was clear that the effect of G-6-P 
was at least partially due to a decrease in K (PEP), especially at 
m 
acid pH. Malate is primarily a competitive inhibitor of PEPC with respect 
to PEP, but malate also introduces negative cooperativity, whether or 
not the enzyme is preincubated with malate. The role of tetramer/dimer 
dissociation in these responses at different pH, in the presence of 
absence of malate, was not investigated. 
The effects of temperature on the kinetic properties of purified 
PEPC from K. daigremontiana were influenced by pH. The enzyme retained 
normal kinetic properties at pH 6.4, but at pR 8.0 considerable 
irregularity was observed at high temperature. A discontinuity in the · 
Arrhenius plot at 19° was observed at pH 8.0 but was scarcely recognizable 
at pH 6.4. Comparisons of the effect of temperature on K (PEP) for PEPC 
m 
from K. daigremontiana and several c4 plants were made. The K (PEP) of m 
purified PEPC from K. daigremontiana was insensitive to temperature between 
10° and 30°C. 
The possible significance of these molecular and kinetic properties 
of PEPC to the regulation of CAM in vivo is discussed. 
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1 PEPCARBOXYLASE ALLOENZYMES FROM HIGHER PLANTS 
1.1 The reaction catalysed by PEP Carboxylase 
There are three known enzymes capable of fixing carbon dioxide 
into oxaloacetate, with phosphoenolpyruvate as a substrate. They are 
known commonly as phosphoenolpyruvate carboxylase (PEPC), phosphoenol-
pyruvate carboxykinase (PEPCK) and phosphoenolpyruvate carboxytrans-
phosphorylase (PEPCTrP). Phosphoenolpyruvate carboxylase, (orthophosphate 
oxaloacetate carboxylase (phosphorylating) E.C.4.1.1.3.1) catalyses the 
following reaction in which water is the phosphate acceptor (Utter and 
Kolenbrander 1972). 
PO (Z-) 
13 
0 0 
;fo 0\ I r1 RPO (Z-) CH2 = c-c + *CO + H20 ~ C ~ C - CH -*C + 2 
II 
2 4 \ I I 0 0 0 0 
co2 fixation by PEPC essentially is irreversible with a free energy 
change at 25°C of -7.2 kcal/mole (Maruyama et al. 1966). 
1.2 Occurence of PEPCarboxylase 
PEPC was isolated initially from spinach leaves by Bandurski and 
Greiner (1953) and later reports showed that PEPC was distributed widely 
in the plant kingdom (Tchen and Vennesland 1955; _Mazelis and Vennesland 
1958). Jackson and Coleman (1959) surveyed PEP carboxylase activity in 
a variety of species, using leaves, roots, cotyledons and tubers. 
Except for a report by Pan and Waygood (1971) of a thermostable, 
cyanide-sensitive PEPC extracted from calf liver, the enzyme appears to 
be absent from animal cells. The enzyme is distributed throughout most 
1 
2 
plant tissues but the distribution within the cell is an unresolved issue. 
Reports of a cytoplasmic location for PEPC have been reviewed by Black (1973) 
and Hatch and Osmond (1976) . Evidence for particulate isoenzymic 
forms of PEPC has been presented by Mazelis and Vennesland (1958), Garnier-
Dardart (1965) , Brandon (1967), Mukerji and Ting (1968) and Rathnam and 
Das (1975) . The question of localisation of PEPC in CAM plants has been 
most recently investigated by Spalding et al. (1979) who showed that it 
was a cytoplasmic enzyme in extracts of mesophyll cell protoplasts 
from Sedum praealtum They offered two explanations for the conflicting 
reports of localisation; either the preparations of chloroplasts which 
show an association with PEPC are contaminated, or the localisation 
of PEPC is a species dependent property. Schnarrenberger (1979) has 
presented evidence that PEPC is located in the chloroplast of the CAM 
plants Bryophyllum calycinum and Crassula lycopodioides, or that it may 
be attached to the outer envelope of the chloroplasts. 
1 . 3 The functions of PEP carboxylase in different metabolic pathways 
1 . 3.1 The anaplerotic role of PEP carboxylases 
An anaplerotic sequence is defined by Kornberg (1966) as reactions 
which enable energy to be maintained under conditions in which the 
removal of biosynthetic precursors from the tricarboxylic acid cycle 
would otherwise interrupt the pathway of energy supply. PEPC is 
envisaged as participating in an anaplerotic role in lower plants, non-
green tissue and bacteria (Kornberg 1966) and, possibly, is operative 
as such in c3 plant leaves. Thus the synthesis of OAA by the cytoplasmic 
PEPC may replenish the TCA cycle in the mitochondria when carbon is 
withdrawn for synthesis as shown in Figure 1.1. Furthermore, in higher 
CELL MATERIALS 
PYRUVATE 
Pyruvate 
~~yl-CoA 
Oxaloacetate 
Tricarboxylic 
acid cycle 
CELI-' MATERIALS 
Citrate 
Figure 1.1 Illustration of the anaplerotic role of PEP 
carboxylase in E. coli, serving to replace C4 compounds 
withdrawn from the TCA cycle for synthesis of cell 
materials (reproduce d from Kornberg, 1966). 
3 
plants, the cytoplasmic enzyme may be involved in the net synthesis of 
malate for ionic balance after transfer of the acid to the vacuole (Osmond 
1976) and in pH balance in the cytoplasm (Davis 1973, 1979). 
1.3.2 The role of PEP carboxylase in c4 plants 
Kortschak et al. (1965) established that the initial products of 
photosynthetic 14co fixation in leaves of maize and sugar-cane were 2 
c4- dicarboxylic acids. These observations and those of Hatch and Slack 
(1966), Osmond (1967) and Hatch and Slack (1968) lead to the elucidation 
of the c4 photosynthetic pathway. This pathway involves an initial 
carboxylation by PEPC, with a subsequent decarboxylation of rnalate and 
aspartate, to supply the conventional photosynthetic carbon reduction 
cycle with co2 . The initial carboxylation via PEP is separated spatially 
in different cell layers from the decarboxylation and recarboxylation as 
shown in Figure 1.2 (Hatch and Osmond 1976). 
1.3.3 The role of PEP carboxylase in CAM plants 
Early in the investigation into the role of PEPC, Walker (1962) 
showed, that its properties suit it for a role in the 'dark' CO 2 
fixation and malic acid synthesis of CAM plants. The rnalic acid synthesis 
was originally thought to involve a two step process (Bradbeer et al. 
1958) with the initial carboxylation of RuBP yielding two molecules 
of 3-PGA which subsequently were converted to PEP before carboxylation 
by PEPC and the reduction of OAA to malic acid. Evidence for this 
hypothesis rested on the degradation of rnalic acid by the bacteria 
Lactobacillus. 14 After CO 2 fixation, carbon-14 was distributed in the 
c1 and c4 positions of rnalic acid in a 1:2 ratio. This method of 
degradation introduced artifacts, (Sutton and Osmond 1972; Kluge et al. 
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Figure 1.2 (upper) Schematic outline o~ the role of PEP 
carboxylase in C plants. 
Figure 1 . 3 (lower) Schematic outline of the role of PEP 
carboxylase in CAM plants. 
1974) and it is now believed that a single carboxylation of PEP 
by PEPC is responsible for the dark production of malic acid. Cockburn 
and McAulay (1975) have demonstrated unequivocally that a single 
carboxylation occurs. They fed 13co during malic acid synthesis in 2 
13 the dark and observed that only one atom of C was incorporated into 
the carboxyl groups of each molecule of malic acid. 
Figure 1 . 3 shows the relationship between carboxylation and 
decarboxylation events,which are separated by time in CAM plants, in 
contrast to the spatial separation in c4 plants. In CAM, rnalic acid 
synthesised by the above reactions is stored in the cell vacuole in 
the dark and subsequently metabolised to co2 and a c3 compound in the 
light. Although the metabolic steps are similar to the reactions in c4 
plants they are separated in time within a single cell, rather than 
between cells (compare to Figure 1.2). 
A surrrrnary of the different rates of these metabolic processes 
involving PEPC is shown in Table 1.1. Acid synthesis in the dark in 
CAM plants is faster than malate synthesis in root tissues, but slower 
than that in c4 photosynthesis. In the next section I shall review 
evidence that PEPC alloenzymes with different properties are associated 
with the different metabolic activities. 
1.4 Changes in the activity of PEP carboxylase during metabolism 
1 . 4.1 Long term changes in metabolic pathways 
Hatch et al. (1969) measured the activity of PEPC and other photo-
synthetic enzymes from Zea mays and Amaranthus plants grown in, and 
transferred between, different light regimes. They found that the PEPC 
4 
5 
Table 1.1 The functions of PEPC alloenzymes, the process rates and general 
kinetic properties of these alloenzyrnes. 
PEPC alloenzymes Features of PEPC role 
CAM leaves produce malate as a 
metabolic intermediate 
in a 'large pool with 
slow turnover 
c3 leaves, c 3 , c4 replenish c 4 inter-
etiolated leaves, mediates of TCA 
lower plants cycle (anaplerotic) 
C3, c4 roots produce malate as an 
end product for 
ionic balance 
C4 leaves produce malate as 
a metabolic inter-
mediate in a small 
pool with rapid 
turnover 
Process 
rate 
10-50 µmoles 
1 -1 g.f.wt.- hr 
1-10 µmoles 
g.f .wt-lhr-1 
1 µmole 
f -1 -1 g. . wt hr 
50-300 rmoles 
f - h -l g. . wt r 
General 
kinetic properties 
K (PEP) V K Mg 
m max m 2 
low high low 
low low low 
low low low 
high high high 
- ~ 
increased approximately 10 fold following exposure to light and concluded 
that the enzyme activities adjust to levels sufficient to support photo-
synthetic co2 fixation at the maximum rate in the available light. 
Further evidence that the level of PEPC may change in c3 and c4 plant 
species, is based on chromatographic and kinetic studies during greening 
of etiolated tissue. Ion exchange chromatography was used to separate 
distinct forms of PEPC in etiolated and greened maize seedlings, as 
reported by Ting and Osmond (1973b). The PEPC extracted from greened 
6 
maize seedlings showed typical properties of a c4 PEPC, as discussed below. 
A similar example was studied by Goatly and Smith (1974) in the c4 plant, 
sugar cane, but these authors showed ~hat in wheat, a c3 plant, there 
was no chromatographic distinction between PEPC extracted from dark 
grown plants when compared to PEPC from greened plants. The PEPC from 
wheat plants shared similar kinetic behaviour (K PEP, effect of the 
m 
activator G-6-P), with the PEPC from etiolated maize. Vidal et al. (1976) 
used polyacrylamide gel electrophoresis and showed that the migration 
of PEPC extracts from etiolated beans (C 3), etiolated sorghum (c4 ) and 
bean roots was identical. PEPC in extracts from green leaves of beans 
and Sorghum showed an additional band of activity on gels. In the case of 
Sorghum the band associated with greening appeared as the band characteristic 
of etiolated material faded. In contrast, Goatly and Smith (1974), in 
their comparisons of greened and etiolated material, could not find a 
residual etiolated form of PEPC in greened material. Ting and Osmond 
(1973b) questioned whether variation in the ion exchange chromatographic 
profile during greening of tissues was due to an increase in the tannin 
content of the tissue which might interfere with chromatography, but 
Goatly and Smith (1974) have ruled out this · possibility. 
Recently attention has been focussed on succulent plants in which 
an increase in PEPC accompanies the induction of CAM as a response to 
environmental conditions. Two established responses to environment are: 
a) salt/water stress (M. crystallinium, Winter and von Willert 1972; 
" Winter 1974; Winter and Luttge 1976) 
b) photoperiod (Kalanchoe blossfeldiana, Queiroz 1974; Queiroz and 
Mo re 1 19 7 4 ) . 
Furthermore, in other CAM plants ontogenetic factors such as leaf age 
influence the activity of PEPC (Avadhani et al. 1971; Lerman et al. 
1974; von Willert et al 1976a,b). Von Willert et al. (1977) 
monitored the change from c3 to CAM metabolism in salt treated 
M. crystallinum plants, with respect to leaf age and found that CAM 
was only expressed in the mature leaves and was accompanied by increases 
in PEPC activity. Winter and Greenway (1978) used similarly stressed 
M. crystalliniumand noted that PEPC extracted from expanded leaves was 
more stable 'in vitro' than PEPC from expanding leaves. 
Evidence that a new form of PEPC is responsible for these changes 
in enzyme activity is based on chromatographic and kinetic studies. Von 
Willert et al. (1976, 1977) have separated PEPC on polyacrylamide 
disc gels into distinct bands, one of which is on~y present when CAM 
is induced in the mature plant tissues. Brulfert et al. (1979) induced 
CAM in K. blossfeldiana in response to photoperiod and described an 
indistinct change in polyacrylamide gel separations of short day (CAM) 
plant compared to long day plants. This diff erence was even less 
marked when the PEPC extracts were subjected to poregradient gel 
7 
electrophoresis and differences in DEAE cellulose chromatographic 
patterns between CAM and c3 tissues were interpreted on the basis 
of indefinite shoulders on a very broadly eluted peak of PEPC activity. 
Greenway et al (1978) have connnented that a new isoenzyme may have 
been formed with CAM induction in M. crystallinium while von Willert et 
al. (1977) suggest that aggregation of preexisting subunits of PEPC 
from CAM, M. crystallinum may form a third band of PEPC activity on 
polyacrylamide gels . Aggregation is known to be a concentration 
dependant property of PEPC (see following sections). Winter (1974) 
has shown diffe r ences in the kinetic properties of PEPC from 
M. crystallinium when this plant is performing CAM compared to c3 
metabolism. Greenway et al. (1978) studied plants in which CAM was 
well established and showed the affinity of PEPC for PEP, at pH 6.0 and 
7 . 0 was maximal over the pH range 5.5 to 8.0. This was in contrast to 
the PEPC extracted from M. crystallinium plants undergoing CAM induction, 
where the affinity of PEPC for PEP was higher at pH 8.0 than a t pH 7.0 by 
a factor of 4 . 
1 . 4.2 Diurnal changes in PEPC activity 
Evidence for diurnal changes in the extractable levels of PEPC 
activity is derived mostly from CAM species. Queiroz (1974, 1979) 
reviewed the evidence for changes in PEPC activity (total amount of 
enzyme) and activity (in vivo expression of capacity) in CAM plants. 
Queiroz (1979) maintained that there was evidence for an endogenous 
rhythm of PEPC activity corresponding to the carboxylation, decarboxy-
lation phases of CAM metabolism. The diurnal variation in extractabl e 
PEPC from CAM K. blossfeldiana, was shown by Queiroz and Morel (1974) 
8 
using crude extracts. However, Wilkinson and Smith (1976) desalted 
PEPC from B. fedtschenkoi and demonstrated a diurnal change in the 
extractable activity of a plant kept in continuous darkness without co2 . 
Jones et al. (1978) found no significant diurnal change in the 
extractable PEPC activity from B. fedtschenkoi. Greenway et al. (1978) 
found no diurnal variation in PEPC activity extracted from CAM 
M. crystalliniurn, but noted a diurnal variation in pH response of the 
enzyme. This property has been investigated by Winter (in press) and 
9 
linked to a diurnal change in the sensitivity of the enzyme to malate. Winter 
(in press) postulated the existence of two forms of PEPC in this species, 
a "malate insensitive" form which operates when carboxylation 
of PEP and active rnalic synthesis occur in the dark, and a "rnalate 
sensitive" form which operates during malate decarboxylation. The 
characterisation of these forms depends on rapid extraction and 
desalting of the enzyme before assay. 
1.5 Kinetic properties of PEPC alloenzymes 
1.5.1 The carbon substrate for PEP carboxylase 
Maruyama et al. (1966) used Hc 18o- to study the carboxylation of 
3 
PEP by PEPC prepared from peanut cotyledons (C 3) and concluded that 
the enzyme utilised HC03 as the active carbon species. A kinetic method 
of investigating the rates of carboxylation by PEPC, after supplying 
14 -
either H co
3 
-
14 
or co 2 to the assay mixture, has shown 
HC03 was the preferred substrate in most cases : Cooper and Wood (1971) used 
PEPC from Zea mays leaves (c4 ); Coombs et al. (1974) investigated PEPC from 
Penniseturn purpureum (c4) and Pisum sativum (c3) and Mukerji (1977) studied 
PEPC from Zea mays leaves (c4 ). Waygood et al. (1969) used the kinetic 
method and conclud d that PEPC from leaves of Zea mays (C 4 ) used CO 2 
as the active species. However , this is the exceptional report and it would 
-
appear that HC03 is the preferred substrate for PEPC. Davis (1979) 
discussed the above experiments based on the kinetic method of determi-
nation and stressed the requirements for such assays to be valid. These 
include strict pH control during the reaction which should be run at a 
concentration of carbon species less than the Km value. 
In CAM plants the PEPC activity at pH 5.5 is often high compared 
to that at pH 8.0 and this raises the question of the availability of 
-HC03 at acid pH values (Osmond 1978; .Davis 1979). The reported values 
for apparent Km[Hco;] are generally low, eg. 3 µMat pH 7.9, for 
PEPC from peanut cotyledons (Maruyama et al. 1966); 0.05 to 0.14 rnM 
at pH 8.5 for PEPC from cotton leaves (Ting 1971); 0.11 rnM at pH 7.5, 
for PEPC from spinach (Miziorko et al. 1974); 0.02 rnM, at pH 8.0, for 
PEPC from Zea mays leaves (Uedan and Sugiyama 1976). 
1.5.2 Characteristics of c3~ c4 and CAM alloenzymes 
Four groups of PEPC alloenzyrnes in higher plants, shown in Table 1.1 
were dis tinguished originally by Ting and Osmond (1973b). The PEPC 
alloenzymes, with different Km properties, are associated clearly with 
the different metabolic functions discussed in 1.3 but, as yet, the 
significance of the differences in kinetic properties during in vivo 
metabolism is not clear. One would, for example, expect to find 
traces of c 3 type alloenzymes in the bundle sheath cells of c4 plants, 
as discussed by Ting and Osmond (1973b), but this has not been reported. 
There is no evidence for multiple forms of PEPC in individual c4 plants 
(Hatch et al . 1972) although both c 3 and c 4 alloenzymes are found in 
hybrids of c 3 and c 4 Atriplex spp. (Ting and Osmond 1973b). In contrast 
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Mukerji and Ting (1971) isolated three isoenzymes of PEPC from cotton 
leaves (C 3), which have similar kinetic properties and Mukerji (1977) 
separated two isoenzymes from Zea mays leaves, (C4), which diffe red in 
2+ 2+ their K PEP, V and K Mg and Mn values. 
m max' m 
The maximum velocity of PEP C i so l a ted £~om a r an ge o f c
4 
species 
has a pH op timum of 7.8 to 8 . 4 (Huber and Edwards 1975; Coombs 
1979) and a similar optimal range has been reported for the PEPC from 
c3 peanut cotyledons by Maruyama et al. (1966). Kluge and Osmond (1972) 
have isolated PEPC from a number of CAM species and found that the 
enzyme from~- tubiflorum, Agave sp. and Semperrivum sp., showed high 
activities at pH values ranging from 5.5 to 7.0. On the other hand, 
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Sedum praeal tum has a pH optimum at pH 8. 2 to 8. 5. Moradshaki et al. (1978) 
isolated PEPC from Ananas comosus, (CAM), and reported that at 15QC the 
partially purified enzyme was insensitive to pH change from 5 to 9, but 
displayed optimal activity at pH 8.4 when assayed at 30°C. A broad 
peak of PEPC activity over the pH range 5.5 to 9.0 (at 2J°C), was 
reported by Jones et al. (1978) with purified PEPC from B. feds chenkoi. 
These workers noted however, that there were two regions within this 
range, pH 5.8 and 7.8, where optimal activity is observed. Dil u t ion of 
the enzyme resulted in a lowering of the activity at pH 5.8. 
1.5.3 Allosteric properties of PEPC alloenzyme s 
Co-operative interactions with respect to PEP concentration have 
been r epo rt e d widely in PEPC from the Enteriobacteria eg. Maeba 
and Sanwal (1969). A f urthe r report by Smado et al. (1974) verified a 
positive co-operativity between PEPC and PEP concentration in 
Salmonella typhinurium. In this report the authors took particula r 
care to avoid ageing artifacts (Kirschner 1971). Kirschner noted 
that aged enzyme preparations could contain heterogenous molecules 
of protein with partially inactivated or altered sites, which may give 
rise to breaks in the Hill plots. Kirschner also cautioned the 
interpretation of sigmoidal saturation curves as evidence of multiple 
interacting sites on an enzyme. Alternative processes such as 
' relaxation mechanisms' involving single and multiple subunit enzymes 
may be responsible for these phenomena. 
There have been reports of c3 and c4 alloenzymes of PEPC showing 
co-operativity with a change in PEP concentration (cotton leaf enzyme 
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(C 3), Mukerji and Ting (1971); Pennisetum purpurum leaf enzyme (c4 ) at pH 8.0 
Coombs et al. (1973); corn leaf enzyme (c4), at high temperature, Wong 
and Davis (1973); corn leaf enzyme at pH 7.0, Uedan and Sugiyama (1976)). 
The co-operativity noted by Uedan and Sugiyama (1976) disappeared at 
pH 8.0, or in the presence of the activator G-6-P or glycerol. The 
addition of NaCl to the assay mixture (10 mM to 100 mM) increased the 
sigmoidicity of PEPC from Atriplex spongiosa (Ting and Osmond 1973a). 
Mukerji (1977) found a negative co-operativity with PEPC from 
maize leaves when the Mg2+ concentration was changed from 5 µM to 3 mM. 
He did not report any co-operativity with change in substrate 
when the assay pH was 7.9 and the PEP concentration changed from 
0-2.0 mM. 
1.5.4 Effectors of PEPC alloenzymes 
Table 1.2 summarises some of the available evidence on the many 
effectors of PEPC which are most relevant to this discussion. Malate 
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Table 1.2 Effectors of PEPC alloenzymes which are of physiological 
significance. 
Metabolite 
cone en t ration 
Malate 
K., 50% inhibitory 
l . 
concentrations 
3 - 4 mM, pH 5-7 
K . 0.8 mM pH 7.8 
l 
50 1~ inhibition 
1- 5 mM, pH 7.6-
8.0 
G-6-P 
cone.equal to PEP 
cone, pH 7.0-8.0 
2-5 mM, pH 6.8-8.0 
cone. greater than 
PEP cone., pH 8,0 
1-2 mM (sequential 
addition) 
HC03 
5- 3 0 mM, pH 7 . 8 
OAA 
0.25-5 mM 
pH 7.8-8 .3 
Glycine 
5 mM , pH 8.0 
Effect 
Mixed or 
competitive 
inhibition 
Non-comp . 
Comp. /non-
comp . Inhi-
bition 
activation 
activation 
inhibition 
activation 
inhibition 
inhibition 
activation 
Tissue 
CAM leaves 
c4 roots 
C4 leaves 
CAM, c4 
and c3 leaves 
c4 leaves 
c4 leaves 
c 3 tubers 
CAM, C 4 leaves 
c4 leaves 
c4 leaves 
References 
Avadhani et al. (19 71); 
Kluge & Osrrond (1972); 
Queiroz (1974); Moradshaki 
et al. (1978); Jones et al. 
( 19 7 8) ; Kluge ~ a 1 . ( 19 7 9 ) 
Ting (1968) 
Coombs et al. (1973); 
Nishikido&~akanashi (1973); 
Huber & Edwards (1975); 
Bhagwat and Sane (1976) 
Ting & Osmond (1973); Coombs 
~ al. (1973); Mukerji (1977); 
Hatch and Oliver (1978). 
Wong and Davis (1973); Huber 
and Edwards (1975); Uedan 
and Sugiyama (1976). 
Coombs et al. (1973) 
Bonugli and Davis (1977) 
Coombs et al . (1973); 
Jones etar:- (1978) 
Lowe and Slack (1971); 
Coombs et al. (1973); 
Bhagwat and Sane (1976) 
Nishikido and Takanashi 
(1973); Udean and Sugiyama(l976: 
Bhagwat and Sane (1976) 
and aspartate were not considered to be effective inhibitors of PEPC 
from c4 plants, (Lowe and Slack 1971; Nishikido and Takanaski 1973; Ting 
and Osmond 1973b). However, results from Huber and Edwards (1975) 
showed that c4 plants are inhibited significantly by low malate and 
aspartate (1 mM) when the assay pH is low, the PEP concentrations are 
low and the Mg 2+ concentrations are low. The malate and aspartate 
inhibition observed by Huber and Edwards (1975) was competitive at 
the optimal pH for PEPC from Digitaria sanguinalis from 7.8 to 8.3. 
In an earlier report, Ting (1968) measured a K. of 0.8 mM malate for 
l 
PEPC from corn roots and showed that malate was a non-competitive 
inhibitor. Hill and Bown (1978) studied the regulatory effects of malate 
and pH on PEPC extracted from Avena coleopiles. This PEPC alloenzyme 
has a maximal velocity of malate formation at pH 8.0 and maximal malate 
inhibition at low pH values. · 
Kluge and Osmond (1972) showed that partially purified . PEPC from 
the CAM plant B. tubiflorum and~- praeltum was inhibited by rnalate 
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(Ki3.6 mM) at pH 6.25, and that the inhibition was mixed. Moradshaki et al. (1978) 
found that partially purified PEPC from A. comosus was maximally 
inhibited by malate at pH 6.0 and rate limiting concentrations of PEP. 
Jones et al. (1978) described competitive i~hibition of purified 
PEPC by malate and showed that the reaction was sigmoidal with 
time in the presence of 2 mM PEP and a range of malate concentrations. 
Inhibition by rnalate was strongly pH dependant (between pH 5 and 7), 
b d ·a t d d h · of free Mg 2+. ut 1 no epen on t e concentration These workers 
offered an explanation of the pH/malate interactions in PEPC which may 
be correlated to the results of Winter (1980). Both hypotheses envisage 
two states of PEPC which differ in their malate sensitivity. 
In c3 , c4 and CAM pla~ts, G-6-P is an activator of PEPC (see 
Table 1.3). G-6-P lowers the K PEP without substantially changing the 
m 
V 
max 
Coombs and Baldry (1972), Ting and Osmond (1973), Goatly and 
Smith (1974), Uedan and Sugiyama (1976), Bonugli and Davis (1977), Hatch 
and Oliver (1978) and Osmond and Holtum (1980) have r eporte d t he 
G-6-P activation. Wong and Davis (1973) found that the activation of 
PEPC by G-6-P was dependant on the order of addition of the enzyme and 
G-6-P to the reaction mix and that preincubation of the enzyme and 
G-6-P caused slight inhibition . Coombs et al. (1973) reported activation 
of PEPC from P. purpureum when the PEP concentration was saturating and 
inhibition when the G-6-P concentration exceeded that of a limiting PEP 
concentration. 
The G-6-P activation noted by Ting and Osmond (1973) and Huber 
and Edwards (1975), is of particular interest in CAM and c4 plants as 
it reverses the malate inhibition of the enzyme. These responses apply 
over a wide range of substrate and effector concentrations. 
Feed-back inhibition of CAM PEPC was discussed by Kluge (1976) 
with emphasis on the compartrnentation of the inhibitory metabolite (rna l i c 
acid) in the vacuole. He postulated a turgor trigger which may reverse 
the influx of malic acid to the vacuole thus allowing malate to build 
up in the cytoplasm and inhibit PEPC. In vivo evidence for the effect 
of G-6-P and malate on PEPC and glycolytic enzymes which produce PEP, 
has been discussed by Cockburn and McAuley (1977). They measured the 
levels of metabolites during the transition from CO 2-free air to air, 
15 
and vice versa, during rnalate accumulation in K. daigremontiana in the dark . 
A transition from air to CO 2-free air caused the levels of PEP to r ise 
rapidly while FBP, G-6-P and F-6-P incre~sed more slowly. The transition 
from co2 free air to air caused the level of PEP to drop rapidly, F-6-P 
and G-6-P increased and FBP changed only slightly. The interactions 
proposed by these workers are shown in Figure 1.4 and depend on the 
inhibition of phosphofructokinase by high PEP levels, the inhibition 
of PEPC by high CO2 , the inhibition of PEPC by malate and the activation 
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of PEPC by G-6-P. Osmond and Holtum (in press) however, caution that compartmenta-
tion ·of G-6-P may render such mechanisms invalid because G-6-P · is 
produced in the chloroplast during starch degredation and does not penetrate 
the chloroplast envelope easily. Similar criticisms do not necessarily apply 
to the malate/G-6-P metabolic interlock discussed by Wong and Davis 
(1973). They described the activation of maize PEPC by G-6 -P and the control 
-
of phosphofructokinase by citrate, as a mechanism to replenish the TCA 
cycle when cytoplasmic pH drops, following excessive anionic uptake. 
The change in the sensitivity of PEPC to malate depending on 
the stage of the day/night cycle (Winter in press) could be a primary 
method of molecular control which previously has been overlooked. 
These studies are complicated by the instability of the PEPC and changes 
in its malate sensitivity after extraction. 
In conclusion, it is evident that PEPC alloenzymes have a 
capacity for allosteric control in ke~ping with their posit ion as a key 
biochemical step, especially in the case of the c4 and CAM pathways. 
Irt kinetic studies the assessment of allosteric properties of enzymes 
requiresthe maintenance of the properties of the enzyme during purification 
(Wong and Davis 1973; Kirschner 1971) . Coombs (1979), not ed that a lot of 
the variation in kinetic effects found in the literature could reflect 
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Figure 1.4 Feedback controls on PEP carboxylase during 
acid synthesis in CAM plants (reproduced from Cockburn 
and McAuley, 1977). 
the different isolation procedures and assay conditions. The assessment 
of allosteric properties also presupposes that substrate, enzyme and 
effector are in the same cellular compartment. In many instances this 
qualification cannot be evaluated so that the relevance of complex 
allosteric interactions is difficult to assess. 
1.5.5 Temperature effects on PEPC 
Brandon (1967) assayed PEPC from B. tubiflorum and measured maximal 
rates of reaction at 35°C (pH 7.5, 4 rnM PEP) with an abrupt decrease 
in rate to 45°C· He postulated a control of night/day, acidification/ 
deacidification on the basis of this temperature optimum for PEPC and the 
higher optimum for rnalic enzyme (53°C), 
Jones et al. (1978) have studied purified PEPC from 
--
B. fedschenkoi and shown that only small losses in activity occur 
below 50°C and the optimal temperature for carboxylation is in the 
range 35-40°C at pH 7.8 and 4-6 mM PEP. These responses to temperature 
require much more careful evaluation in vitro, and evidence for their 
function in vivo. 
1.6 Isoenzymes, molecular weight and sub-unit characteristics of PEPC 
1.6.1 Isoenzymes of PEPC 
Table 1.3 summarises the reported range of molecular species for 
PEPC alloenzymes from various sources. There have been several 
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reports of chromatographically distinct isoenzymes: in Chlamydomonas 
reinhardtii (Chen and Jones 1970) ; in cotton leaves (Mukerji and Ting 1971); 
in M. crystallinium (von Willert et al. 1976); in corn leaves 
(Mukerji 1977); in Aloe arborescens (Kluge et al. 1979) and in 
B. blossfeldiana (Brulfert et al. 1979). 
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Table 1.3 Molecular species reported for PEPC alloenzymes from CAM, c3 and 
c4 plants . 
Species 
CAM 
B. fedtschenkoi 
Sedum sp . 
s . morganianum 
A. arborescens 
K. blossfeldiana 
B. fedtschenkoi 
f3 
Cot ton leaves 
A. hastata 
Peanut coty . 
Spinach 
~ 
Zea mays 
Zea mays 
Zea mays 
A. sabulosa 
A. hymenelytra 
D. spicata 
T. oblongifolia 
Methods 
Gel fil-
tra tion 
PAGE 
SDS gels 
Gel elec-
trophoresis 
PAGE 
Gel fil-
tration 
SDS/PAGE 
DEAE chrom. 
Gel fil-
tration 
II II 
II II 
Sed. equil . 
SDS gels 
Agarose 
SDS 
Sucrose 
density 
grad . 
disc. gel 
II II 
,, II 
II 11 
Iso-
enzymes 
2 
2 
( 
( 
3 
2 
Sub- Molecular References 
units weights 
3 (dal tons xlO ) 
200 
160 
64 
370 
210 -240 
175 
186 
500 , 310 
2 520, 260 
4 105 
350 
(300-350) 
4 (560±75) 
4 99 
2 340 
4 160 
220,271 
170 
190 
180 
340 
) 
) 
). 
Wilkinson and Smith 
(1976) 
Knopf & Kluge (1979) 
Knopf & Kluge (1979) 
Kluge et al (1979) 
--
Brulfert et al (1979) 
--
Jones et al. (197 8) 
--
Mukerji & Ting (1971) 
Ting & Osmond (1973) 
Maruyama et al (1966) 
Miziorko et al (1974) 
Uedan & Sugiyama (1976) 
Kerr & Robertson (1971) 
Mukerji (1977) 
Enama (1974) 
11 II 
II II 
II II 
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Purified PEPC from corn leaves was studied by Uedan and Sugiyama 
(1976) and only a single enzyme was found, whereas Mukerji (1977) reported 
two isoenzymes from the same species. The major difference in the 
purification technique used was the pH of the buffers employed (7.0 
and 8.3 respectively). Kerr and Robertson (1971) investigated PEPC 
from corn leaves and noted that at pH 7.0 the purified enzyme 
aggregated upon ageing and in concentrated solutions. This behaviour 
was also noted by Uedan and Sugiyama (1976). Kerr and Robinson (1971) pre-
pared solutions of purified PEPC in which an aggregate polymeric molecule 
formed and behaved as a low activity isomer of PEPC. 
Such phenomena may have been respo~sible for the observations of 
Mukerji (1977). Hatch et al. (1972) and Enama (1974) studied PEPC 
alloenzymes of c4 plants using polyacrylamide gel electrophoresis. 
They showed a trend in the separation of c
4 
PEPC alloenzymes into 
two molecular weight groups, one of which was possiblY a dimer of the 
other. Judging by the Rf values reported by Hatch et al. (1972) and 
Mukerji (1977), there appears to be a correspondence between the molecular 
weight of the alloenzymes (Hatch et al. 1972) and isoenzymes (Mukerji 1977) 
and their respective Rf values. These possibilities require further studies. 
Kluge et al. (1979) prepared PEPC isoenzymes from the chlorenchyma 
and the central hydrenchyma of Aloe arborescens (CAM), which are 
distinguished on the basis of molecular weight and kinetic properties. 
Thes authors concluded that malate synthesis in the central hydren-
chyma was not involved in CAM. Possibly this synthesis, and the 
isoenzyme responsible, corresponds to the non-autotropic enzyme 
listed in Table 1.1. The enzyme in the chlorenchyma presumably corresponds 
to the enzyme found in other CAM species. 
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A recent report on the purification of PEPC from~- fedschenkoi (Jones 
e t al . 1978) found no chromatogr aphic evidence for the occurence of isoenzymes 
but presented kinetic evidence which could be explained by the existence of 
multiple molecular forms of the same enzyme . Jones et al. (1978) pointed 
out that the single band of PEPC activity found upon gel electrophoresis 
of purified PEPC from B. fedtschenkoi had a similar Rf value to the 
second component which was induced by greening in bean and sorghum 
(Vidal et al. 1976) and the third band associated with CAM in 
M. crystallinium (von Willert et al. 1976). Scandalios (1974) reviewed 
the occurence of isoenzymes in plants and animals and cautioned that 
the preparation and storage of these enzymes may influence the form of 
the enzyme. He considers the presentation of zymogram patterns alone 
is not sufficient evidence for the existence of isoenzymes. In a 
similar, cautionary vein Jones et al. (1978) pointed out that the 
isoenzymes in inducible CAM plants us ually are found only after drastic 
pretreatments which are necessary to induce CAM. 
1.6.2 Molecular weight and subunit characteristics .of PEPC 
The range of molecular weights reported for the PEPC alloenzymes 
is shown in Table 1.3. It varied widely depending on the species, 
the technique of enzyme preparation, and the method of molecular weight 
determination used by the different research workers. Differences 
-
in the techniques of molecular weight determination and the purity of 
the enzyme could have contributed to the variations in the report ed 
molecular weights within species. The two recent reports which described 
the behaviour of highly purified PEPC from corn leaves (Uedan and Sugiyama 
1976) and B. fedtschenkoi (Jones et al . 1978) record the aggregation 
of PEPC with concentration. 
Jones et al. (1978) estimated that the molecular weight of PEPc · 
ranged from 500,000 to 310,000 daltons at pH 6.7 using sepharose 6B, 
depending on the concentration of the enzyme solution added to the 
column. When they eluted the PEPC with a mixture of marker proteins, 
(urease, xanthine oxidase, catalase and aldolase) two peaks of 
PEPC activity corresponding to molecular weights of 520,000 and 
260,000 daltons were recorded. 
Jones et al. (1978) estimated a subunit molecular weight of 
105,000 daltons. It is possible that the estimated molecular weight 
corresponded to those of active dimeric and tetrameric species. 
A study of the recoveries after gel filtration would be helpful 
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if the relative activities of the tetrameric and dimeric species were known 
(Jones et al. 1978). Interacting species such as different polymeric states of 
an enzyme; may result in separate peaks or inten11ediate peaks when the 
protein is subject to gel filtration (Ackers 1970). 
The molecular weights of PEPC from CAM plants reported by Wilkinson 
and Smith (1976), and Knopf and Kluge (1979) were obtained from crude, 
desalted enzyme preparations and r anged from 160,000 to 240,000 
daltons, with one report of 340,000 daltons (Kluge 1979). This 
range of molecular weights from crude preparations could be effected by 
the presence of contaminating enzymes which could alter the elution 
properties of PEPC. However the ran ge 170,000 to 200,000 daltons 
could represent an active dimeric species of PEPC. It is interesting 
to note that the value of 160 000 daltons reported by Knopf and Kluge (1979) 
' 
for PEPC from Sedum sp. is in the low range of molecular weights 
reported for PEPC from CAM plants. The PEPC of these plants has 
little activity at low pH, compared to other CAM species (Kluge and 
Osmond 1972) and a difference in the molecular structure of these allo-
enzymes would not be unexpected . 
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In order to assess molecular weight of PEPC from CAM plants the 
polymeric state of the enzyme must be fully understood when identifying the 
active band or peak of PEPC activity . 
1 . 7 The scope of the thesis 
The experimental work reported in this thesis is directed towards 
answering some of the questions raised in the literature survey. PEPC 
was .purified to homogeneity in one species of CAM plant and highly 
purified in a limited number of other CAM plants. These enzymes were used 
for molecular weight estimates, subunit characterisation and investigations 
on the kinetic properties . Kinetic studies emphasised the substrate/ 
enzyme interactions (PEP and carbon species), the effects of pH and 
temperature and the effects of malate and G-6-P with variation in pH. Some 
of these kinetic characteristics of CAM PEPC were compared with PEPC 
alloenzymes from c4 plants, 
2 THE EXTRACTION, PURIFICATION AND MOLECULAR CHARACTERISTICS OF PEP-
CARBOXYLASE 
2.1 Introduction 
When the work described in this thesis began, there were no reports 
on the purification of CAM alloenzymes. The crude extraction techniques 
were adapted from those outlined by Ting and Osmond (1973a,b) who 
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described the preparation and assay of CAM plant PEPC in crude extracts 
only . Further purification methods were developed along the lines described 
for PEPC extracted from peanut cotyledons (Maruyama et al. 1966), spinach 
leaves (Miziorko et al. 1974), and Zea ma~ (Uedan and Sugiyama 1976). 
Miziorko et al. (1974) recommended the use of 0.1 mM PEP to stabilise the 
relatively pure enzyme on Sephadex G 200 columns and 0.1 M KCl was included 
for similar reasons in a later purification by· Uedan and 
Sugiyama (1976). 
Anderson (1968) described the functions of various substances which 
when added to extraction media should increase the recovery of the 
PEPC from CAM plants which contain high concentrations ·of phenolic 
and related inhibitory compounds. These compounds include soluble 
polyvinylpyrrolidone which inhibits o-diphenoloxidase and binds its 
substrates, EDTA which inhibits o-diphenyloxidase by chelating its 
active centre,and thiols which inhibit o-diphenyloxidase and prevent 
the oxidation of SH groups on the enzyme. 
A successful method for the extraction and purification of PEPC 
from CAM plants also needs to take account of the special problems 
involved in working with CAM plants, such as the effect of malate 
accumulation in the extracted tissue and the high phenolic content. 
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Furthermore there are problems associated with the stabilisation of partially 
purified protein. The latter are common to PEPC extracted from c3 , 
c4 and CAM plants. The observations of Hatch and Oliver (1978) on the 
activation of PEPC from corn leaves by G-6-P could also ·have relevance to 
the estimation of PEPC activity in crude extracts from CAM plants. 
Jones et al. (1976, 1978) subsequently discussed the puri-
fication to homogeneity of PEPC from I· fedtschenkoi, with a final 
specific activity of 26 unit mg/protein. The protocol used by these 
workers was adapted to remove pigments and phenolic compounds and 
included armnonium sulphate precipitation after the absorption of pigments 
on DEAE cellulose, the elution of PEPC from DEAE cellulose by a KCl 
gradient and from hydroxyapatite by a phosphate gradient. No 
stabilisation of PEPC was required in the purification of homogeneous 
enzyme and the final recovery was 9.5% of the initial activity. 
This chapter describes the extraction and purification of PEPC from 
CAM plants by ammonium sulphate precipitation, affinity chromatography 
and Sepharose 6B gel filtration chromatography. The molecular 
characteristics of the purified enzymes are investigated using Sepharose 
6B elution, disc gel electrophoresis, gradient gel electrophoresis and 
SDS gel electrophoresis. 
2.2 Materials and methods 
2.2.1 Chemicals 
All assay and extraction chemicals were obtained from Sigma or 
Calbiochem and PEP was used as the di-sodium salt. Cellex D was obtained 
from Bio-Rad and the pre-swollen, microgranular, DE 52 anion exchanger 
25 
was obtained from Whatman. Sephadex G 25, medium pore and Sepharose 6B 
were obtained from Pharmacia. The gradient polyacrylamide gels, PAA 4/30, 
the electrophoresis calibration kit of high molecular weight proteins (thyro-
globulin, 669,000; ferritin, 440,000; catalase, 232,000; LDH, 140,000; 
albumin, 67,000) used as standards in the system, were also obta ined 
from Pharmacia. Acrylamide, bis-acrylamide, TEMED and ammonium per-
sulphate were obtained from Eastman chemicals. Acrylamide was 
recrystallised from chloroform and bis acrylarnide from acetone, then 
dried in a darkened dessicator and stored in a darkened bottle. 
2 . 2.2 Plant species and growth conditions 
Phosphoenolpyruvate carboxylase was partially purified from the 
CAM plants Kalanchoe daigremontiana, Bryophyllum tubiflorium, 
Bryophyllum pinnatum, Bryophyllum crenata and Ananas comosus; the c4 
plants, Zea mays, Atriplex spongiosa, Atriplex halimus and Atriplex 
vesicaria as well as from the c3 plant Atriplex hastata. Plants were 
grown either in naturally illuminated glasshouses at temperatures between 
10°C and 25°C or in Sherer growth cabinets on a day/night regime of 
10/14 hours with temperatures of 23°C/17°C respectively. 
Glasshouse plants received water daily, nutrient twice weekly, the 
plants in the growth cabinets were watered three days weekly alternating 
with two days of nutrient. Healthy leaves of mature plants were used 
in all extractions. c4 and c3 plants were not pretreated before 
extraction but the CAM plants were deacidified by at least 8 hours ful l 
sunlight or illumination under a mercury vapour lamp (Philips HPLR, filtered 
through a flowing 7 cm wat e r bath) at room temperature overnight. 
2.2.3 Extraction procedures 
The buffers which gave reasonable recoveries are shown in Table 2.1 
and these are the systems which were most often used in the PEPC 
extractions from CAM plants. Changes to these systems are noted in the 
sections which describe the different purification steps. 
The first step was conducted at room temperature with the 
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intermediate storage of solutions in an ice bucket. The buffer composition 
shown (Table 2.1) was altered to an equimolar MES/Bicine mix when the 
extractions were conducted at pH 7.0 to 7.5. Polyclar was used instead 
of PVP 40 for c3 and c4 species. Deacidified leaves were washed in 
distilled water, dried, deribbed and weighed, then initially shreaded into 
2 mm sections. The segments were ground in 2 volume : weight of 
extraction buffer in either a Sorval Omnimix or a Waring blender at full 
speed for at least 45 seconds. 
The crude extract was squeezed through Miracloth or cheesecloth and 
a sample was taken to estimate the chlorophyll content. The extract 
was diluted with 4 volumes of acetone, centrifuged and the absorption 
spectrum was run between 500 and 700 nm. Chlorophyll was estimated 
using the extinction at 645, 652 and 663 nm from the equation 
-1 
Ca+b = 20.2 E645 + 8.02 E663 = 27.a E652 + mg.ml 
Centrifugation at 10,000 to 15,000 rpm removed cellular debris and the 
pH of the supernatant was maintained at 7.5 with NaOH when necessary. 
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Table 2.1 The composition of buffers used in purification and analyses of 
PEPC proteins from the leaves of CAM plants. 
Buffer 
1. 50 rnM MES/SO rnM Bicine 
5 mM DTT 
1 mM EDTA 
5 mM MgCl2 
1% PVP40 
2. 50 mM K2HP04 /KH2Po4 
1 mM DTT 
1 mM EDTA 
3. so mM to 200 mM 
K2HP04/KH2Po4 1 rnM DTT 
1 mM EDTA 
0.1 mM PEP 
4. so mM K2HP04/KH2Po4 
1 mM DTT 
1 mM EDTA 
0.1 mM PEP 
5. 90 mM Tris base 
80 rnM Boric acid 
0.93 g 1-l Na-EDTA 
6. 50 mM K2HP04/KH2P04 
1 mM EDTA 
2 mg ml-1 BSA 
65% (NH4) 2so4 
pH Temp Application 
7.5 10°c Extraction from leaves. 
Ammonium sulphate precipitation. 
7.5 5°C Desalting on Sephadex G25 
7.5 5°C Gradient for Cellex D and DE 52 
affinity chromatography. 
7.5 5°C Elution buffer for Sepharose 6B 
gel filtration. 
8.4 5°C Buffer for polyacrylamide gel 
electrophoresis. 
7.5 -5°C Long term storage buffer. 
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Solid, powdered (NH4 ) 2so4 was added slowly, with stirring, to the 
crude extract in an ice-bath. Slow stirring continued for 20 minutes 
after the final addition (35 % saturation) to allow complete equilibration. 
The precipitate collected by centrifugation at 10,000 to 15,000 rpm 
contained most of the PVP 40 and a small amount of protein. This procedure 
was repeated but the (NH4 ) 2so4 concentration was increased to 65% 
saturation to recover the protein containing PEPC activity. This pellet 
was redissolved in a minimum volume of buffer 2 (Table 2.1) which was 
also used to equilibrate the Sephadex G 25 column. 
Sephadex G 25 (medium pore) was swollen and poured in a glass colum 
(2.5 x 25 cm) according to the manufacturers instructions and 
equilibrated with the buffer 2 (Table 2.1). Extracts of CAM plants were 
desalted on G 25 as above, plus 0.1 mM PEP. The green coloured protein 
band containing crude PEPC was eluted in approximately 1.5 volumes and 
was then assayed as 'salt free enzyme'. Instead of desalting with 
G 25 some PEPC extracts from c3 and c4 species were dialysed overnight 
against buffer 2. 
2. 2. 4 Ion exchange chromatography 
In the majority of preparations Cellex D was used but two 
preparations of PEPC from the CAM plants A. comosus and K. daigremontiana 
were chromatographed on microgranular DE 52. Both Cellex D and DE 52 
were prepared, degassed and equilibrated according to the manufacturers• 
instructions and were poured in a buffer solution 4x more concentrated 
than the gradient starting buffer (3 in Table 2.1). Fines were 
removed before pouring to allow maximum flow rates during elutions. The 
columns were poured either at 5°C under gravity or at room temperature 
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under air pressure. After pouring, all columns were stored in the cold 
room and equilibrated with the gradient starting buffer until the pH of the 
effluent matched that of the resevoir. Column sizes ranged from 1.5 x 10 cm, 
1.5 x 30 cm, 2.5 x 30 cm for the larger preparations. The composition of 
the gradient buffer 3 is shown in Table 2.1 and the sample was distributed 
evenly through the column by washing with this buffer. The volume above 
the bed material was maintained at a minimum throughout the elution. 
Fractions were collected at a constant number of drops per tube in 
-1 
an LKB fraction collector at flow rates of 20 to 30 ml bour . The 
gradient was mixed with an LKB gradient mixer and pumped to the column 
with an adjustable flow rate LKB peristaltic pump. In some runs the 
collection tubes contained 2 drops per tube of glycerol to stabilise 
isoenzymes. All tubes were assayed for PEPC activity and protein 
content E2SOnm' was measured. The tubes containing peak activities 
were pooled and stored. 
2.2.5 Sepharose 6B gel filtration 
The gel was diluted and degassed in accordance with the manufacturer ~:s 
instructions then poured in a 2.5 x 60 cm glass column in one step 
using a large plastic funnel as a reservoir and allowed to settle 
under flow rates of less than 40 ml per hour, The equilibration and 
elution buffer (shown in Table 2.1) contained 50 mM KCl and/or 0.1 mM 
PEP because these compounds proved essential to the stability of purified 
proteins, as noted below. 
Blue dextran was eluted from the column to check the bed uniformity 
and void volume of the gel before the addition of the enzyme solutions. 
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Glycerol was added to the blue dextran and partially purified enzyme 
solutions to layer these substances onto the bed of the column. A 
consistent method of loading solutions was followed thus enabling comparison 
between different runs. The total sample plus glycerol in 5 ml was added 
by pasteur pipette to the bed surface with the effluent tube stoppered. A 
settling time of at least 15 minutes elapsed before the pump was restarted 
and tube collection begun. Flow rates of no more than 30 ml per hour were 
used. 
2.2.6 Disc gel electrophoresis 
The methods used in this section were developed from those recommended 
by Hedrick and Smith (1968). A range of acrylamide/bisacrylamide disc 
gels ranging in concentration from 8% to 4% were prepared by a series 
dilution of a gel mixture in which the proportions of acrylamide and BIS 
were weighed, mixed, made to volume then filtered before use. Table 2.2 
shows the components used and the preparative order of mixing (steps 1 to 5) 
to produce a medium pore gel. The preparation and pouring of gels was 
carried out in the shortest possible time and 8 ml of the mixture made 
4 gels (0 . 5 cm x 10 cm) . The electrode buffer stock solution contained 
6.0 g Tris base , 28.8 g glycine (ammonia free) made to 1 litre (pH 8.3) 
and was diluted 1.10 with water before use. 
The tubes of uniform bore glass were rinsed in chromic acid immediately 
prior to use then rinsed well with distilled water and finally with a 
1:200 diluted Photo-flo solution before drying. The gels were prepared 
in special racks which held the tubes upright in rubber stoppered bases. 
These tubes were filled using pasteur pipettes which were also used to 
layer 0.2 ml of water on the top of the gel material which created a flat 
Table 2.2 The components used, and the order of addition (1 to 5) to 
prepare medium pore, disc, polyacrylamide gels. 
Component 
1. Tris buffer 
pH 8.9 
2. 4 x final cone. 
acrylamide, bis-
acrylamide mixture 
3. Water 
4. Ammonium per 
sulphate 
5. TEMED 
Preparation 
36.6 g Tris base 
+ 48 ml, IN HCl to 
100 ml with H20 
Acrylamide : bis-
acrylamide = 30:1 
35 mg per 25 ml 
H20 made fresh 
daily 
2.5 µl per 8 ml 
Preparation 
(V/V) 
1 
2 
1 
4 
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surface on the top of the gel, The wa t e r l aye r als o 
excluded oxygen (air) from the top of the polymerisation column. Oxygen 
inhibits the polymerisation reaction as a competing radicle 
Gordon (1969) . Cha n ge in the wa t e r/ gel int e rface a ppea r an ce dur ing po ly-
merisation indica t e d the progress of the gelation step which 
took approximately 45 minutes at room temperature. 
A front marker of 3 µl of 0 . 05 % bromophenol blue in 5% glycerol was 
applied by microsyringe to the gel surface then drawn into the gel with a 
current of 2 to 3 ma/tube. The desalted enzyme solutions were mixed with 
sorbitol to (a) layer the proteins on gel surface and (b) to help stack 
the protein within the gel surface under a low (2 to 3 ma/tube) initial 
current . The current was increased to 4 ma/tube during the separation 
until the front dye had moved a reasonable distance down the gel. 
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Separation usually took between 0.75 and 1.5 hours, depending on the gel 
concentration. A cooling coil was imme rsed in the lower chamber of the 
Labquip gel electrophoresis unit, and it was connected to a Coolnics t emper-
ature control unit . It was desirable to (a) have the majority of tube 
length in the lower (cooler) chamber and (b) stir the buffer in the 
chamber. Temperature control was not always adequate in some of the 
experiments discussed in this chapter. 
The protein bands on the columns were stained by stirring for 2 hours 
in 0.3% coomassie brilliant blue in me thyl alcohol: acetic acid: wa te r 
mixture of 5:1:5 ratio. De staining of gels was achieved in methyl 
alcohol: acetic- acid: water 5:1:5, solution, overnight with gentle 
agitation. PEPC a c tivity wa s straine d b y the OAA specif ic indi c a t or fast 
violet B salt. The r eaction mix used was described by Enama ( 1 974 ) . 
Staining solution (5 ml) containing the following was used, 10 µmoles PEP, 
5 µmoles NaHC0 3 , 50 µmoles MgC1 2 , 32.5 µmoles fast violet B salt and 
1.25 µmoles EDTA in a 0.1 M Tris Buffer pH 7.8. When this reaction mix 
was prepared immediately before use, red bands indicated PEPC activity after 
approximately 20 minutes. Gels were stored in 5% Acetic acid. 
2.2.7 PoZyacryZamide gradient electrophoresis (PAGE) 
The Pharmacia PAA 4/30 gels were run in the cold room in a 
Gradipore electrophoresis apparatus with the addition of an external 
cooling coil which circulated the buffer from th~ top to the bottom 
chamber. Gels we r e equilibrated for 2 hours at 70 volts using a 
Gelman power unit before the protein W?S applied. Proteins 
were separated by the application of 150 volts for 14-16 hours as 
recommended in the Pharmacia literature. The electrophoresis buffer 
contained 0.09 M Tris, 0.08 M boric acid, 0.93 g/1 of Na2EDTA at pH 8.4. 
Molecular weight standards were dissolved in 100 µl of this buffer and 
for each separation, 5 µl of the standard mix (12.5 µg protein) was used. 
A known amount of the sample protein was dissolved in electrophoresis 
buffer containing 25 % sucrose and a sufficient aliquot a maximum of 15 µg 
protein was applied to each lane on the gel. Duplicate lanes of sample 
were run between molecular weight standards. 
At the completion of the run, the gels were sliced vertically for 
staining or were sliced transversely into 24 x 1.9 mm sections with a 
fixed arrangement of razor blades for PEPC assays . Each section was 
incubated· on a planchette in the PEPC assay medium. This was prepared in 
30 ml of buffer (100 mM bicine, 2 niM NaHco 3 , 5 mM MgC12 and 1 mM Na-EDTA at 
pH 7.2) to which 200 µC i NaH14 co 3 was added. A 2 . 5 ml aliquot was taken 
and to this 3.5 mg NADH, 12 mg PEP and 15 µl MDH were added. Each gel 
slice was surrounded by 100 µl of this assay mixture (containing 
2 units of MDH) and the reaction was allowed to continue for 1 hour. 
It was terminated by the addition of 200 µl of 50% acetic acid and then 
the gel slice and acid stable compounds were dried thoroughly on a low 
temperature hot plate and counted. 
2.2.8 SDS gel electrophoresis and RuBPC antibody precipitation 
These experiments were run with the help of Nancy Stone and Yeoh 
Hoch Hin, using purified PEPC prepared as described above. The enzyme 
protein was sedimented from the (NH4) 2so4 suspension and redissolved 
in 50 µl of Tris buffer, pH 8.3 and 50-100 µl of a solution containing 
0.5% mercaptoethanol in the same buffer. This solution was heated on a 
boiling water bath for 3 min then aliquots of 5-20 µl were mixed with a 
drop of glycerol and applied to 10% polyacrylamide gels containing 0.5% 
SDS. These were run in an electrode buffer (6.0 g Tris base, 28.8 g 
glycine made to 1 litre, pH 8.3 and diluted 1:10 before use) at 4 ma/tube 
for 4 hours. The gels were stained as described above. 
The purified PEPC from CAM plants was tested for the presence of 
contaminating RuBPC protein by challenging the protein with antiserum 
prepared in response to purified RuBPC on conventional Oucterlony double 
irnmunodiffusion plates. Other attempts to demonstrate RuBPC protein in 
polyacrylamide gradient gels after electrophoresis by allowing antiserum 
to diffuse towards gel slabs or by applying the antiserum directly to the 
gel, were unsuccessful. 
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2.2.9 Protein and enzyme assays 
The absorbance at 280 nm was used as a measure of protein concentration, 
using a factor of 1 O.D. = 1 mg/ml. Some samples were assayed according to 
the method of Lowry (1951). 
Phosphoenolpyruvate carboxylase 
NA~AD+ 
PEP+ CO 2 ~~~~___.~ OAA;============ Malate 
This coupled reaction was followed by disappearance of NADH in the presence 
of an excess of MDH at 340 nm on a Perkin Elmer or a Varian spectrophoto-
meter. The assay contained in a final volume of 3 ml: 1 mM PEP; 0.1 mM NADH; 
5 mM MgC12 ; 0.7 mM NaHC0 3, made to volume with 25 rnM Bicine pH 7.8 to 
8.0, and was initiated with 20 to 50 µl of enzyme solution at 25°C. Other 
additions are as specified in the results section. 
Malic Enzyme 
NADP+ NADPH 
~
Malate Pyruvate + co2 
The increase in absorbance due to the formation of NADPH was followed 
at 340 nm on a spectrophotometer. The reaction contained in a final 
volume of 3 ml: 1 rnM di-sodium malate (1-malate titrated to pH 7.0 with 
NaOH); 0.1 rnM NADP, made to volume with 25 mM Bicine at pH 7.8, and was 
initiated with 20 to 50 µl of enzyme at 25°C 
Carbonic Anhydrase 
This enzyme was assayed by following the change in pH resulting from 
the hydration of co2 and was observed by a bromothymol blue colour 
change at 0-5°C (method of Everson, 1970). 1 ml of 0.025 mM veronal 
buffer, pH 8.2 containing 10 mg/100 ml of bromothymol blue was introduced 
. 
to a 2.5 ml polypropylene syringe barrel innnersed in an ice bucket. All 
additions, including an appropriate volume of extract, were made through 
the tip of this syringe with a microsyringe. When the reaction mix had 
reached the required temperature, 1 ml of saturated co 2 solution (0°C) 
was rapidly introduced with a syringe, leaving a small bubble to mix the 
reaction components. The time from the addition of CO2 to the 
colour change (blue to yellow) was measured. The uncatalysed time was 
approximately 100 sec. Units of carbonic anhydrase were calculated from 
10 ct . control -1) 
t . sample 
where tis time in second. 
Catalase 
The activity of catalase was monitored by the disappearance of H2o2 
at 240 nm in a 3 ml reaction mix containing 5 µl of 30%, w/v, H2o2 , enzyme 
and 50 rnM phosphate buffer at pH 6.8. 
Malate dehydrogenase 
OAA 
NADll_____.f AD+ 
~~~~~~__.. L-malate 
Malate dehydro genase was assayed at 340 nm in a 3 ml reaction mix 
containing 0.5 mM OAA, 0 . 22 mM NADH, enzyme and 50 mM phosphate buffer 
at pH 7.5. 
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Ribulose-1,5-biphosphate carboxylase 
The activity of RuBPC was measured in a radioactive Hco
3 
assay. 
The reaction mix contained 50 mM Bicine, 20 mM MgC1 2 , 0.4 mM RuBP and 
10 mM NaHC0 3 at pH 8.3 in a total volume of 0.55 ml. It was initiated with 
RuBP after a two minute incubation, then continued for 4 minutes before 
being terminated with 0.2 ml of 4 N formic acid. 
2.3 Results 
2.3.1 Initial extraction techniques and recoverbes 
Table 2.3 shows that no activity of PEPC was detected in extracts of 
~. pinnatum unless soluble PVP 40 was present in the extraction buffer and 
this addition was routinely used for extractions from CAM plants. Polyclar AT 
was suitable for extractions from c 4 and c 3 species which evidently contained 
lower concentrations of phenols and related inhibitory compounds. 
The step by step recoveries of PEPC during Cellex D purification were 
extremely variable. Sometimes an apparent activation was observed after 
Cellex D chromatography. If the initial activity of the crude plant ext ract 
was an underestimate, this might account for the apparent activation dur ing 
subsequent purification. The initial activity in extracts from CAM plants 
would be estimated most accurately by incubation of the enzyme with activators 
such as G-6-P in the absence of inhibitors such as malate, as discussed in 
Chapter 3. However, these complex interactions were only appreciated af ter 
purification of the enzyme and could not be incorporated retrospectively into 
a ll the purification schedules. 
Incubation of crude PEPC from CAM plants with G-6-·P gave up to 6 times 
stimulation of PEPC activity . The effect of this G-6-P in c ubation s omet i me s 
Table 2.3 The effect of various high molecular weight additions to the 
extraction buffer mix, on the recovery of PEPC activity from leaves 
of Bryophyllurn pinnaturn. 
Addition 
nil 
Polyclar AT 
PVP 10 
PVP 40 
Effect 
PEPC activity nil, protein 
floated in 60% (NH4) 2so4 
PEPC activity, nil. 
45% PEPC recovery, some 
protein floated at 60% (NH4) 2so4 
52% PEPC recovery, good sulphate 
precipitate. 
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disappeared after (NH
4
) 2so4 precipitation but at other times still gave 
a 2 fold increase in the activity after desalting with Sephadex G25. In 
all cases the tissue had been deacidified before extraction but the levels 
of malate and G-6-P in the tissue were not de termined. A series of assay 
which were conducted with crude PEPC after Sephadex G25 treatment, with 
and without 2 mM malate, did not appear to affect the degree of G-6-P 
stimulation. The range of maximal activities of crude PEPC in extracts 
from the principal CAM plants investigated is shown in Table 2.4. 
2.3.2 CeZZex D purifications 
The highest recoveries of enzyme from Cellex D were obtained when 
0.1 mM PEP was added as a stabiliser. In the usual purification 
procedure, with and without glycerol in the collection tubes, PEPC activity 
eluted as a smooth peak under the phosphate gradient employed. Some peaks 
in which a suggestion of shoulders were obtained could not be resolved 
further into distinct peaks. For example, in early experiments there 
was an indication of a small shoulder following the major peak in 
extracts of~- pinnatum and K. daigremontiana. These shoulders could 
reflect a mixture of isoenzymes, as has been observed following NaCl/ 
DEAE chromatography of cotton and maize leaf extracts (Mukerji and Ting 
1971; Mukerji 1977), or variability between plants,materials, or 
elution conditions such as column dimensions, gradient mixing before 
-· 
elution or mi xin g of the enzyme during elution . Jones et al. (1978) could 
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not find evidence for isoenzymes when KCl was used to elute PEPC from DEAE. 
My a tt empts to demonstrate isoenzymes using 5% glycerol in the usual 
gradient mix were not successful . It proved difficult to mix the collected 
fraction and variability was introduced into the assays for PEPC and protein 
Table 2.4 Specific activity of PEPC in crude extracts from deacidified 
leaves of CAM plan ts . 
Species Growth conditions Activity extracted 
40 
-1 -1 (µmoles co2 mgch hr ) 
K. daigrernontiana Growth cabinet 263.4, 316 
* K. daigrernontiana Glasshouse 829 
* * A. cornosus Glasshouse 308, 948 
' 
562 
' 
* ,'c 679 
' 
472 
In these assays the enzyme was preincubated with 1 rnM G-6-P. 
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when glycerol was used as a stabiliser in the collec tion tubes. However, pre-
liminary experiments with B. tubi florum ex tracts showed that the addition of 
10% glycerol to fractions as they were eluted might preserve less stable 
isoenzymes of PEPC. A study of the effects of glycerol on the stability 
and elution properties of PEPC from A. comosus under different conditions 
of pH and column dimensions, failed to establish any consistent PEPC 
elution pattern from Cellex D which would indicate the presence of 
isoenzymes (Figure 2.1). On a 17 cm column and with glycerol in the 
collection tubes at pH 7.0, a small shoulder of activity on the leading 
edge of the peak was observed (Figure 2.la). On a short column (4.5 cm) 
at pH 8 . 0, shoulders of activity, if they are present, were found on the 
trailing edge of the peak (Figure 2.lb). When 5% glycerol was included 
in the elution buffer, and the assay buffer, a simple smooth peak was 
obtained from a 6.5 cm column at pH 8.0 (Figure 2.lc) 
Ting and Osmond (1973b), reported variability in the chromatographic 
behaviour of PEPC from CAM plants on Cellex D, compared with the more 
consistent behaviour of alloenzymes from c3 and c4 plants. Table 2.5 shows 
concentrations of phosphate r equire d to elute the peak of PEPC activity in 
extracts of c4 and CAM plants from Cellex D. At pH 7.6 the results for 
the CAM plants do not appear to be any more variable than those for the c4 
plant. Moreover, at pH 7.0 and 8.0 the results for A. comosus are highly 
reproducible. Further work is required to establish the significance 
of the higher and lower concentrations of phosphate required to elute this 
enzyme at intermediate pH values. 
Studies with extracts of c4 plants showed that Cellex D chroma.tography 
effectively separated PEPC activity from NADP malic enzyme. This is an 
100 
90 
80 
~ 
1::- 70 
> 
-u 
O 60 
(1) 
> 
o 50 
(1) 
~ 
40 
30 
20 
10 
L-
I--
L--
-
I--
'--
,-.... 
,-.... 
-
~ 
0 
(a) 
• 
I 
• I 
• 
I 
• I 
• 
I 1! 
20 
,. 
(b) 
• ( c) 
•• 
• 1\ I\ / I . \ 
' I I •• I \ Ii I I I ., I ~ I I I • 
• • ~ I .. , \. 
I ' I \ I • ~ I I I \ • • 
I 
• 
I 
• 
I 
• 
I 
I 
• I \ \ 
I \ I • • • • ~ • \ \ I I 
• I \ I \ • \ I • • \ 
- 1.2 I I I \ • \ I 
... .-l I I •, • 1 ( I •, \ I I • /I // .. ,:\\ E I • ' • \ l C: - I 0 CX) • • • I 
. I . ) N I \ • UJ I \ 
• • • I \ C \ 0 .6 • . 
• I 
• \ 
• 
' • 
I 
I I 
40 
I I I 
60 80 
: I \ I I . 
. I \ J ... ! 
... I I I I 
20 40 
Tube number 
- I (1) 
-0 I L. 0... I 
• 
- I 
• 
I 
• I 
• 
I I ,I I I 
60 20 
Figure 2.1 The effe cts of glycerol pH and column dimensions on the 
Cellex D elution patterns of PEPC from fl. comosus, using phosphate 
gradients. (a) 17 x 1.5 cm column, pH 7.0, + glycerol (2 drops per 
collection tube). (b) 4 .5 x 1.5 cm column, pH 8 . 0 , + glycerol 
(2 drops per collection tube). (c) 6.5 x 1.5 cm column, pH 8.0 + 
glycerol 5% in the elution buffer. 
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Table 2.5 The concentrations of phosphate buffer corresponding to the peak 
of PEPC activity, eluted from Cellex D by a 50-200 mM gradient. 
Species pH Phosphate cone. 
(rnM) 
i4 Plants 
Zea mays 7.6 102 
Atriplex halimus 7.6 65 
Atriplex spongiosa 7.6 84 
Atriplex vesicaria 7.6 70 
CAM Plants 
Kalanchoe daigremontiana 7.6 118, 105 
Bryophyllum crenata 7.6 86 
Ananas comosus 7.0 102, 105, 108 
7.4 144 
7.6 150 
7.8 95 
8.0 104, 115 
important step in purification because this enzyme could interfere with 
assay of PEPC in the presence of malate, described in Chapter 5. The major 
remaining contaminant of PEPC after Cellex D chromatography is likely to 
be RuBPC, becuase this is a major leaf protein. Presumably RuBPC protein 
is responsible for the tailing and the lack of corresondence between the 
profiles of PEPC and E280 nm in some of the elution profiles. 
2.3.3 General Sepharose 6B purification 
Preliminary attempts to further purify PEPC on Sepharose 6B 
were unsuccessful until PEP and/or KCl were introduced as stabilisers, 
because all or almost all, the activity was lost during gel filtration 
(see 2.3.4). Recoveries typically were 50% but sometimes were as high as 
100%, when 0.1 mM PEP was added to the Sepharose 6B elution buffer. 
Sepharose 6B purified enzymes could be applied again to the Sepharose column 
after storage and approximately 65% recoveries were obtained without the 
addition of either stabiliser. Assays for MDH, malic enzyme and carbonic 
anhydrase in the purified PEPC obtained from Sepharose 6B showed these 
-1 
enzymes were absent, but 0.0093 units of RuBPC ml were demonstrated in 
Sepharose pure PEPC at a concentration of 0.85 units ml-l in one preparation 
from K. daigremontiana. 
2.3.4 Storage properties of purified PEPC from CAM plants 
Figure 2.2 shows the long term storage properties of Sepharose and 
Cellex D, purified PEPC from CAM plants. The storage of Sepharose pure 
PEPC in K-phosphate buffer at pH 7.5, 65% (NH4 ) 2so4 and 20% glycerol 
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at -5°C, gave a maximal retention of activity, however, the (NH4 ) 2so4 precipi-
tated from this solution on centrifugation and made protein collection 
difficult. -1 2 mg ml BSA was also added to Sepharose pure PEPC solutions to 
improve the storage properties and to facilitate protein precipitation from 
solutions of high specific activity. 
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Figure 2.2 Long term storage properties of Sepharose and Cellex D 
purified PEPC from CAM plants. (1) Sepharose pure PEPC from 
K. daigremontiana stored in buffer 6(-BSA), Table 2.1 + 20% 
glycerol, -S°C. (2) Sepharose pure PEPC from A. comosus stored in 
buffer 6(-BSA), Table 2.1, S°C, -S°C. (3) Cellex D pure PEPC from 
K. daigremontiana stored in buffer 6, Table 2.1, -S°C. (4) Sepharose 
pure K. daigremontiana stored in buffer 6, Table 2.1, -S°C. 
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2.3.5 PEP carboxylase from B. pinnatwn 
Figure 2.3 shows the flow sheet for the purification of PEPC from 
B. pinnatum. This e nzyme was used for molecular weight and subunit character-
isation with Sepharose columns and disc gel electrophoresis. 
The initial extracts and partially purified solutions of PEPC from 
B. pinnatum were not incubated with G-6-P during assays. An underestimate 
in the initial activity in the absence of G-6-P, may have contributed to 
occasional stimulation of the activity of the desalted enzyme (ie 141% 
of the initial activity, Figure 2.3). The Cellex D elution elution gradient 
did not contain stabilisers and 51% of the activity was r ecovered. The profile, 
shown in Figure 2.4a, indicated that PEPC was separated from the majority of 
leaf protein, but that considerable tailing also occured. During Sepharose 6B 
elution, all activity was lost and there appeared to be a complete breakdown 
of protein (which elut ed at very low molecular weight ) unless the stabilisers 
0.1 mM PEP and/or 50 mM KCl were included in the elution buffer 
(Figure 2.4b). The PEPC activity and the leading protein peak were 
eluted almost coincidentally when eluted from Sepharose 6B with 
stabilisers (Figure 2 . 4b). The particular Sepharose 6B column used in 
these elutions was not calibrated for molecular weight estimates. However, 
judging by other calibrations of similar columns, the second peak of 
protein, shown in Figure 2.4b, has a molecular weight less than half 
that of the peak with PEPC activity. 
Figure 2.5 summarises the molecular behaviour of PEPC from 1?._. pinnatum 
(purification shown in Figure 2.3) under a range of conditions. The molecular 
weight was estimated from the calibration curve shown. When PEPC from 
~- pinnatum was eluted from Sepharose 6B in a mixture of proteins, the 
molecular weight appeared to be about 450,000 daltons, which was 
Figure 2.3 The flow sheet for the purification of PEPC from B. pinnatum. 
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B. pinnatum 
518 g 
I 
extracted in 
buffer #1 (Table 2.1) 
I 
400 units (-G-6-P) 
I 
I 
280 units (-G-6-P) 
Sephadex G25 
buffer #2 (Table 2.1) 
564 units 
I 
Cellex D elution 
buffer #3 (-stabilisers) 
( Figure 2.4a 
I -1 287 units (S.A. 2 units mg.prot. ) 
79 
I 
Sepharose 6B elution 
buffer #4 (no stabilisers 
no activity 
62 
I 
Sepharose 6B elution 
buffer #4 + 0.1 MKCl 
I 65 units 
~Fig. 2.4b 
I Disc polyacrylamide gels 
8%-4%; sepharose 6B, molecular 
weight determinations. 
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Figure 2.5 The elution profiles from Sepharose 6B (30 x 2.5 cm column) 
of PEPC from B. pinnatum under a range of conditions. • ~- e , PEPC 
concentration was 3 units ml-l applied with RuBPC , catalase and MDH; 
-1 6 ~- 6 , PEPC 0.3 units ml applied alone to the colunm. All 
elutions used buffer 4, Table 2.1. 
intermediate between the form obtained when the enzyme was run without 
other proteins, and another form obtained when diluted protein was applied. 
It is difficult to conclude very much about the molecular weight of PEPC 
from~. pinnatum in these experiments. The data suggest that, in the 
presence of other proteins PEPC runs at an intermediate molecular weight, 
compared to concentrated and dilute solutions of the pure protein. 
This intermediate form could be a dimer of the form found in dilute 
solution. 
Further experiments to establish the molecular weight and purity 
of the Sepharose purified enzyme, relied upon techniques of disc gel 
electrophoresis. These experiments were bedevilled by a ntnnber of 
technical difficulties. For example, commercially available proteins 
(fumarase, G3P dehydrogenase, malate dehydrogenase and hexokinase) did not 
migrate as recognisable bands and catalase did not stack into a discrete 
band but was always diffuse. Temperature control was inadequate, with 
a 6-10°C gradient between the top and bottom chambers of the apparatus. 
In spite of these difficulties, Sepharose purified PEPC from~. pinnatum 
ran as a major protein band on 5% gels, which retained enzyme activity (as 
determined by the fast violet B reaction) and a slower, minor protein band 
without PEPC activity (Table 2.6). Similar results were obtained with 
the enzyme from~. crenata. The minor slow moving band was evidently a high 
-
45 
molecular weight aggregate and was present in extracts of purified spinach PEPC. 
The major RUBPC protein ran very close to the major PEPC active band. 
Because of the difficulty in finding satisfactory standards, the 
enzyme and two enzymes of known molecular weight (RuBPC and catalase) 
were run in a series of cross linked gels from 4 to 8%. The results 
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Table 2.6 Electrophoresis data for PEP from CAM plants and RuBPC from · 
spinach on 5% gels. The temperature in the upper and lower compartments 
of the electrophoresis apparatus was 24° and 14° respectively. 
Source and purification 
B. pinnatum 
B. crenata 
Spinach 
Sepharose 
pure PEPC 
Cellex D 
pure PEPC 
Sepharose 
pure RUBPC 
Relative mobility 
PEPC activity Protein 
0.42 
0.38 
0.42 
0.19 
0.38 
0.19 
0 .40 
0.19 
were calibrated using the method described by Hedrick and Smith (1968). 
Figure 2.6a, shows the relationship between the mean migration distances 
for the three enzymes and the concentration of polyacryamide. ·For 
RuBPC and PEPC this relationship was identical and the slopes of the 
· 4 7 
lines were 20.8 (PEPC, RuBPC) and 10 (catalase). These values were applied 
to the standard curve from Hedrick and Smith (1968) which relates slope 
to molecular weight for a number of standard proteins, and yielded 
molecular weight estimates of 500,000 daltons and 160,000 daltons 
respectively for PEPC, RuBPC and catalase. Table 2.7 shows that slow moving, 
minor bands were frequently obtained with both PEPC and RuBPC. 
2.3.6 PEP carboxylase from A. comosus 
The flow sheet for the purification of PEPC from A. comosus is shown 
in Figure 2.7. All assays were preincubated with G-6-P throughout the 
purification and no significant activation was noted during the procedure. 
There was a substantial loss in activity during the first passage through 
Sepharose 6B even though stabilisers were added to the buffer solution, 
and the final prepartion had a very low specific activity (1 unit mg 
-1 protein ). The enzyme eluted as a single peak from DE 52 (Figure 2.8a) but 
the specific activity was not constant through the peak. After gel 
filtration on Sepharose 6B a much more uniform specific activity was 
obtained (Figure 2.8b). The Sepharose 6B column (2.5 x 60 cm) was 
-
calibrated with MDH (70,000 daltons) catalase (200,000 daltons, on 
Sepharose 6B) and RuBPC (550,000 daltons, from spinach). Figure 2.9 
sununarises the sepharose elution patterns at pH 7 .. 1, of purified PEPC 
from A. comosus under three sets of conditions with the estimates of 
molecular weight taken from the calibration curve. The enzyme was applied 
as a concentrated solution (3 units ml-1 ), plus and minus the stabiliser 
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Figure 2.6 (a) The relationship be tween migra tion (Rf) and degree o f c ross 
linking(% polyacrylamide) for Sepharose pure PEPC from!· pinnatum 
(o); Sepharose pure RuBPC from spinach ( 6 ) and catalase (o). (b) A 
calibration curve for molecular weight ·of protefns on polyacrylamide 
disc gels from Hedrick and Smith (1968). The slope of lines constructed 
as in (a) is determined for standard proteins and plotted against 
their molecular weights. The numbers refer to the proteins listed in 
Table III of this reference : (8) lactate dehydrogenase/135,000 daltons ; 
(9) ketose-1-phosphate aldolase/160,000 daltons; (10) B-amylase/ 
215,000 daltons; (12) urease/235,000 daltons; (13) catalase/240,000 
daltons ; (14) xanthine oxidase/290,000 daltons; (15) apoferritin/ 
450 , 000 daltons and (16) urease/483,000 daltons . The slope from 2.6(a) 
for catalase and RuBPC/PEPC is marked on this standard curve. 
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Table 2 . 7 Electrophoresis of PEPC from!· pinnatum and the standards RuBPC 
and catalase, on a series of gels with 4 to 8% cross linkage. Minor 
protein bands are shown in parenthesis. Temperature conditions as in 
Table 2 . 6. 
Cross linkage 
of gel (%) 
8 
7 
6 
5 
4 
PEPC 
0.07 (0 . 33) 
Relative mobility 
RUBPC 
0.08 
0.12 (0.08, 0.60) 0.12 
0.18 0.19 (0.07) 
0.32 (0.25) 0.44 (0.14) 
0.56 0.56 (0.33) 
Catalase 
0.25 
0.28 
0.32 
0 .5 7 
0.63 
Figure 2.7 The flow sheet for the purification of PEPC from A. comosus. 
The final PEPC preparation was contaminated with RuBPC. 
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Figure 2 . 9 The elution profiles from Sepharose 6B (60 x 2 . 5 cm) column 
of PEPC from A. comosus under a range of conditions. o o, PEPC 
-1 
concentration 3 units ml , buffer ( - PEP ,+ 50 mM KCl); • ~- e , 
- 1 PEPC concentration 3 units ml , buffer 4 ( -PEP, -KCl) and 6 ~- 6, 
-1 PEPC concentration 0.3 units ml buffer ·4 (-PEP, - KCl). 
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50 rnM KCl and as a dilute solution (0.3 units ml-1 ) minus 50 :ruM KCl, and 
all three runs eluted in the region of a 500,000 dalton protein (Figure 2.9). 
The recoveries from these three runs were in the range 50 to 65%. 
The sepharose pure, PEPC from A. comosus was used for further studies 
of molecular weight on Pharmacia 4/30% gradient gels. When the gel was 
stained for protein, a major band was obtained corresponding to an 
approximate molecular weight of 450,000 daltons. There were minor bands 
at approximately 700,000 daltons, 250,000 daltons and 180,000 daltons 
(Figure 2.10). However, the enzyme activity on the gel was confined to the 
band with a molecular weight of about 250,000 daltons, with a consistent 
- - indication of residual activity at about 450,000 daltons (Figure 2.10). 
Investigations into the subunits of sepharose purified PEPC from 
A. comosus were carried out using the method of dissociation by SDS and 
subsequent separation of the protein on 10% polyacrylamide gels. Staining 
showed major subunits corresponding to proteins with molecular weights of 
about 100,000 daltons; 50-60,000 daltons and 15-18,000 daltons (Figure 2.11). 
The smaller subunits are suspiciously similar to the large and small 
subunits which would be expected from fraction -1 protein (RuBPC) 
of molecular weight 500,000 daltons. 
When the Sepharose 6B purified PEPC from A. comosus was incubated 
against an antiserum to RuBP carboxylase on Oucterlony diffusion gels, 
precipitation bands were formed. Further attempts to show that the high 
molecular weight band (Figure 2.10) was contaminated with RuBP carboxylase 
protein, were unsuccessful. Different methods of applying the antiserum 
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Figure 2 . 10 The patterns of protein and PEPC activity obtained with 
Sephar ose pure PEPC from A. comosus on Pharmacia 4/30% polyacrylamide 
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Figure 2.11 SDS polyacrylamide gel separation of subunits obtained after 
treatment of Sepharose pure PEPC from A. comosus. Gels 1, 2, 4 and 5 
contain standard phosphorylase (100,000 daltons), bovine serum albumin 
(68,000 daltons), ovalbumen (43,000 daltons) and haemoglobin (15,500 
daltons). The enzyme from A. comosus (Gel 3) displays a subunit of 
,oo ooo -
molecular weight~~ daltons, as well as subunits with molecular 
weights of 50-60,000 and 15-18,000 daltons. 
to the polyacrylamide slabs were att empted but apparently there was no 
migration of antiserum into the gel and no precipitation was visible. 
2.3. 7 PEP car boxylase from K. daigremontiana 
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Two purifications from K. daigremontiana are detailed in the f l ow schemes 
in Figures 2.12 and 2.13, and are designated K. daigremontiana (A) and (B) 
respectively. They differ in that Cellex D was used i n preparation 
(A) and DE-52 was used in preparation (B). The assays in both 
preparations included G-6-P and some ac tiva tion was appa r en t dur i ng t he 
purification procedure in the case of K. daigremontiana (A). The 
recoveries of PEPC in this purification were high, but large losses were 
_ incurred in the precipitation of the pooled Cellex D activity (only 36% 
recovery). . -1 The specific activity increased from 9 units mg protein to 
35 units mg protein-l after the elution from Sepharose 6B and this 
enzyme retained its full activity after 4 months storage in 20% glycerol 
The elution profiles in the course of the preparation (B) are shown 
in Figure 2.14a,b. It is clear that a substantial purification occurred 
during DE-52 chromatography, in which PEPC protein was s epara t ed 
from two other major protein peaks. Again only about 21% of the DE-52 
pooled activity was recovered for sepharose purification, but this recove ry 
could be underestimated due to the presence of (NH4 ) 2so4 during the assay 
The spe~ific activity a fter Sepha ro se 6B elution increased from 11 .4 to 
. -1 15 unit s mg protein . This enzyme was stored as a 65% (NH4) 2so4 
- 1 
suspension, wi t h 2 mg ml BSA ad ded to fac i litate the pr ecipi t a t ion of the 
enzyme. 
Figure 2.12 The flow sheet for the purification of PEPC from 
K. daigremontiana (Preparation A) . 
155 µnits 
K. daigremontiana (A) 
187 g 
I 
extracted in 
buffer Ill (Table 2.1) 
I 
207 units(+ G-6-P) 
l 
Sephadex G25 
buffer 112 (Table 2.1) 
t 
364 units (+G-6-P) 
Cellex D elution 
buffer 113 (Table 2.1) 
-1 345 units (S.A. 9 units mg. prot. ) 
174 units (Pooled) 
I 
Precipitated 
64 units [(NH4) 2so4 inhib. 
assay) 
Sephadex 6B 
buffer 1/4 (Table 2.1) 
1 
92 units (S.A. 35 unit~1 
mg. prot. ) 
stored in 20% glycerol+ 65% (NH4 ) 2so4 
used for PAGE studies. 
Figure 2.13 The flow sheet for the purification of PEPC from 
K. daigremontiana (Preparation B). 
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l 
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(large losses in the preipitation of "DE 52r: pure 
pool of PEPC) 
t 
55 units [(NH4 ) 2so4 inhib. assay) 
Sepharose 6B elution 
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-1 95 units (S.A. 15.3 units mg. prot. ) 
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K. daigremontiana preparation (B). (a) activity(• --- •) and protein 
( · --· ) peaks from a 30 x 2 .5 cm, DE52 column using buffer 3, 
Table 2.1 and (b) activity(• -- •) and protein ( •--•) peaks from a 
68 x 2.5 cm Sepharose 6B column using buffer 4. 
The molecular weight of the enzyme preparation K. daigrernontiana (B) 
was estimated by further Sepharose 6B chromatography at pH 8.1 and pH 6.15, 
in the presence of 0.1 mM PEP (Figures 2.15 a and b). These experiments 
yielded approximate molecular weights of 550,000 and 400,000 daltons. 
Pharmacia 4/30% gradient polyacrylamide gels were again used 
to establish the molecular properties of these two enzyme preparations. 
After electrophoresis the samples of K. daigremontiana (A) separated 
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into two major bands at approximate molecular weights of 470,000 daltons and 
250,000 daltons (Figure 2.16). The PEPC activity was associated only 
with the protein of molecular weight about 250,000 daltons (Figure 2.16). 
_ - Sepharose pure, PEPC from K. daigremontiana (B) preparation separated into 
a major protein band at 240,000 daltons, a minor band at 145,000 daltons 
and a very minor band at about 500,000 daltons (Figure 2.1n. The 
zymograrns of PEPC preparation (B) were characterised by the presence of the 
albumin protein at the front in each gel. The PEPC activity was associated 
with the protein of molecular weight approximately 240,000 daltons with 
an indication of residual activity at 520,000 daltons (Figure 2.17). 
When the two PEPC samples .K. daigremontiana (A) and (B) were incubated 
against antiserum to RuBP carboxylase on Oucterlony diffusion gels, the 
precipitation bands were only formed against PEPC from K. daigremontiana 
(A) (Figure 2.18). Thus the sepharose pure PEPC preparation designated 
K. daigremontiana (B) was free from RuBP carboxylase contamination. The 
SDS degradation and subsequent sub-unit separation on 10% polyacrylamide 
gels of PEPC preparation (A), showed major protein bands at 110,000 
daltons and 50,000 daltons with a minor protein at 15-18,000 daltons 
(Figure 2.19). The PEPC preparation (B) dissociated to a single subunit of 
molecular weight 110,000 daltons, although the contaminating albumin from 
BSA was evident. 
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Figure 2.15 The elution profiles of homogeneous PEPC from K. daigremontiana 
(B) from a (68 x 2.5 cm) column of Sepharose 6B. (a) the calibration 
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elution profiles of PEPC activity • ~- • using buffer 4, (Table 2.1) at 
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Figure 2 . 16 The patterns of protein and PEP activity obtained with 
Sepharose pure PEPC from K. daigremontiana (A) on Pharmacia 4/30% 
polyacrylamide gradient gels. (a) The migration of molecular 
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Figure 2 .17 The patterns of protein and PEP activity obtained with 
Sepharose pure PEPC from K. daigremontiana (B) on Pharmacia 4/30% 
polyacrylamide gradient gels. (a) The migration of molecular 
weight standards (o) measured from lanes next to the PEP samples. 
(b) The activity of PEPC, indicated by PEP dependent fixation 
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Figure 2.18 (left) Oucterloney immunodiffusion gels showing 
antibody precipitation when Sepharose pure PEPC from 
K. daigremontiana (preparation A) is challenged from the 
centre with antiserum to wheat leaf RuBP carboxylase. 
Wells 1-2 contain barley leaf RuP2 carboxylase, wells 3-4 
contain neat PEPC and wells 5-6 contain PEPC at l/5 dilution 
of PEPC . 
(right) When wells 4-6 contain the same concentration 
of Sepharose pure PEPC from K. daigremontiana 
no precipitation lines were observed. 
(preparation B), 
'I 
-, 
,, -. 
2 3 
Figure 2.19 SDS polyacrylamide gel separation of subunits obtained af t er 
treatment of Sepharose pure PEPC from K. daigremontiana preparation A 
(Gel 4) and preparation B (Gel 1). Gel 2 contains standard phos-
phorylase (100,000 daltons) and Gel 3 contains standard bovine serum 
albumen. Both preparations of PEPC display subunits of~ 110,000 
daltons, but the smaller subunits c~ss,ooo and 18,000), derived from 
RuBP carboxylase, are absent from preparation B (Gel 1). 
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2.4 Conclusions 
The purification procedure developed here provides a high yield (20-
-1 50%) of high specific activity (to 35 units mg protein ) PEPC from CAM 
plants. In the majority of preparations PEPC was contaminated by RuBPC 
protein, but was free of carbonic anhydrase and malic enzyme. The purified 
protein was stable when it was stored frozen as an annnonium sulphate 
suspension with the inclusion of BSA to aid in the recovery of PEPC. 
The chromatographic patterns for the elution of CAM plant PEPC wi th 
phosphate gradients were reproducible (cf. Ting and Osmond 1973a). In 
three species 100 to 120 mM phosphate in the pH range 7.0 to 8.0, eluted 
_t.he peak of PEPC activity. The enzyme was more variable at pH 7.4 to 
7.8. The chromatographic patte·.rns of PEPC elution from DE-52 was not 
studied but as a preparative step, DE-52 separated the PEPC activity 
from two other protein peaks more clearly than Cellex D. 
There was no evidence for isoenzyrnes of PEPC from CAM plants or c4 
plants during elution from Cellex D, either in the presence or absence of 
glycerol (cf. Mukerji and Ting 1973; Mukerji 1977), 
In the initial purification of PEP on Sepharose 6B, the enzyme r equired 
stabilisation with 0 . 1 mH PEP to recover activity . The high molecular weight 
protein appeared to breakdo,m t o proteins of much lower molecular wei ght ba sed 
on retention times on Sepharose 6B columns run in buffer minus stabilisers. 
However , highly purified PEPC co uld be passed through Sepharose a second time 
without s t abilisers with greater than 50% recovery. 
The mol ecular we i ght of puri f i ed PEPC f r om three CAM plants was 
estimated using Se pharose 6B columns calibrated with standard pro t e i ns . In 
each case the molecular weight of PEPC was indistinguishable from that of 
purified spinach RUBPC (550,000 dal~ons). The apparent molecular weight 
varied between greater than 500,000 and 400,000 daltons, depending on 
protein concentration, pH and the other proteins present. The enzyme 
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from B. pinnatum retained its activity (as measured by the fast violet B 
reaction) and a molecular weight of about 500,000 daltons during 
electrophoresis on 4 to 8% polyacrylamide disc gels, using RUBPC and catalase 
as standard markers . 
Purified PEPC from A . . comosus and K. daigremontiana (molecular 
weight approximately 500,000 daltons on Sepharose 6B dissociated on 
_polyacrylamide gradient gels , but the activity (as measured by PEP 
dependent 14co2 fixation) was associated with a protein whose molecular 
weight was 250,000 daltons. The dominant protein in these slab gels 
(at 450,000 daltons) was inactive. When the Sepharose pure enzyme was 
challenged with antiserum to spinach RUBPC on oucterlony diffusion 
plates clear precipitation bands were seen. When the Sepharose pure 
enzyme was degraded with SDS and separated on 10% SDS/polyacrylamide disc 
gels, bands corresponding to the large and small subunits of RuBPC, as 
well as a band at 110,000 daltons were separated. 
However, another preparation of PEPC from K. daigremontiana displayed 
a single, major band at 240,000 daltons on polyacrylamide gradient gels 
which retained enzyme activity. This purified enzyme did not react 
when challenged with antiserum to RuBPC and SDS degradation revealed 
a single subunit of 110,000 daltons. 
It seems that PEPC from all three CAM plants is composed of subunits 
of about 110,000 daltons, and retains activity as a tetrameron 
Sepharose 6B and polyacrylamide disc gels, but behaves as an active dimer 
on polyacrylamide gradient gels. (The disc gels were run at about 14°C 
whereas the slab were run at 4°C and the transformation may have been 
temperature dependent). These studies also show that the PEPC from CAM 
plants, like the alloenzyme from spinach (Miziorko et al. 1974), is 
frequently contaminated with RuBPC during purification and may co-elute 
with RuBPC protein from Sepharose. 
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In conclusion, these studies of PEPC from~- pinnaturn, K. daigrernontiana 
- and A. comosus provide independent confirmation of a molecular weight for 
CAM plant PEPC as an active dimer of about 250,000 daltons or an active 
tetramer of about 500,000 daltons. Using similar methods, Jones et al. 
(1978), reached a similar conclusion for the enzyme from~- fedtschenkoi . 
which was an active CAM plant, The subunits and active enzyme of Zea mays 
(Uedan and Sugiyama 1976) and spinach (Miziorko et al. 1974) are 
essentially the same as those reported for the CAM enzyme. 
3 SUBSTRATE INTERACTIONS WITH PURIFIED PEPC ALLOENZYMES 
3.1 Introduction 
The regulation of CAM is generally supposed to be mediated by changes 
in enzyme capacity (Queiroz and Morel 1974; Wilkinson and Smith 1976) 
or by an integrated system of metabolic control (Kluge 1976). This 
chapter is concerned with the effect on the activity of purified or 
partially purified PEPC from K. daigremontiana and A. comosus of changes in 
the levels of substrates, at different pH. 
The high activities of PEPC at acid pH from a majority of CAM plants 
(Kluge and Osmond 1972; Moradshaki et al. 1978; Jones et al. 1978) raises 
q~estions concerning the carbon substrate utilised by these PEPC allo-
enzymes. As outlinedearlier (1.5.1) most investigators have shown that 
-PEPC alloenzymes from c4 and c3 species utilise Hco3 in preference to 
co2 . The question of the variation in Km(Hco;) with pH, and the 
-
availability of HC03 at acidic pH has not been examined in detail. 
The PEPC alloenzymes of c 3 and c4 plants which have pH optima in the 
vicinity of pH 8.0, show Km(HC03 ) of about 20 µM (Ting and Osmond 1973a; 
Uedan and Sugiyama 1976). 
Estimates of the pH of crude extracts of M. crystallinium range 
-
between at least 6.5 and 7.2 over the diurnal cycle (Winter, unpublishe d) 
so that changes in other kinetic parameters with pH are likely to have 
significant eff ects on the r egulation of PEPC in vivo. Of particular 
interest in this chapter are the effects of pH on K PEP and on the 
m 
interaction between PEP and G-6-P. There are good reasons to suspect 
~ 
that these interactions in vitro may be effective in vivo (Cockburn and 
McAuley . 1977; cf Figure 1.4). 
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3.2 Materials and methods 
All the chemicals used in these experiments were obtained from Sigma 
and Calbiochem . The PEP used in all experiments was the di-sodium salt. 
Carbonic anhydrase was purified from bovine erythrocytes and supplied 
by Sigma as a 4000 Units/mg , powder. 
The enzymes used were prepared as outlined in Chapter 2. A 
complete description of sources, purification and st·orage conditions 
for the preparations used in the various kinetic studies is described in 
Chapter 2. 
3.2 . 1 Buffers and assay reagents 
For kinetic studies involving pH changes in the range of pH 5.5 to 
8 . 5 a 25 rnM MES/25 rnM Bicine, 5 rnM MgC1 2 buffer mix was used with the 
addition of 2 rnM NaHC03 irrnnediately prior to assay. A similar mix was 
prepared for 'co2 free' assays by the following method: distilled water 
was boiled for 1 hour then cooled under N2 . This 'CO2 free' water was 
used to dissolve the buffer solids and made to an approximate volume at 
pH 4. The solution was sealed in a conical flask with a carbosorb tube 
and stored at 5°C for 24 hours before use. Innnediately before use the 
required amount of buffer was bubbled with N2 for approximately 15 minutes, 
then adjusted to the experimental pH with 'co2 free' -20N KOH. After pH 
adjustment, the buffer was stored on ice and 2 ml aliquots were withdrawn 
as required. 
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Stock solutions of 0.3, 3 and 30 mM NaHC03 were prepared using 
'co2 free' water and stored in rubber sealed vials, on ice. Micro-
-
syringes were used to withdraw the aliquots of HC03 and the vials were 
vented through a carbosorb filled plastic syringe. co 2 was produced in a 
1 ml, sealed, reaction vial by the reaction between 0.9 ml of 10 mM acetic 
acid (brought to pH 4.0 with CO 2 free KOH) and 0.1 ml of 20 mM NaHC0 3 or 
0.1 ml 5 mM NaHco3 • The solution was mixed and a 0.11111 aliquot was 
withdrawn and used inunediately to initiate the assay. 
Solutions of NADH (12 mM) and PEP (75 mM) were prepared with CO 2 
free water and stored on ice then measured for reaction with adjustable 
12._j,pettes·. In all cases, suspensions of enzyme were centrifuged and taken 
-1 
up in a sufficient volume of assay buffer at pH 8.0 to give 3 6E340nm.ml . 
The usual aliquot of enzyme used in these assays was 50 µl. 
3.2 . 2 Enzyme assay methods 
The enzyme assays were basically as described in Chapter 2 and the 
alterations are discussed in the text of this chapter. Special methods 
used for carbon substrate and Km(Hco;) assays involved flushing the 
spectrophotometer chamber continuously with N2 and maintaining the chamber 
and cells at 9 to 13°C to give a balance between enzyme rate and the 
solubility of co 2 . The order of addition to the curvette was b.uffer, 
enzyme, NADH and PEP. Traces of residual co2 were cleared from the 
r eac tion mix durin g an equilibrium period until 6E34 0nm was zero and then a 
known amount of HC03 or CO 2 was added to the curvette and the initial rate 
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of reaction was measured. Tests were conducted to gauge the -amount of CO2 
contamination, and in all runs this produced a maximum of 0.15 rnM malate which 
.... 
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could be considered to have a negligible effect at pH 8.0. At pH values in the 
range of 6 . 0, this concentration would be slightly inhibitory (see 
Chapter 4). However, it was produced in each ·assay at a constant concentration 
and should not effect the overall assessment of the carbon kinetics. 
After the clearing reactions, NADH and PEP were added to bring their 
concentrations back to the initial concentrations. Carbonic anhydrase, when 
used in the carbon substrate assays, was added in excess (approximately 
0.5 mg per curvette). 
The usual method . of treatment of the kinetic data in these experiments 
was to plot the results as standard velocity versus substrate concentration, 
curves . The data were then analysed by a computer programme, based on the 
reconunendations of Wilkinson (1962) to obtain statistically valid estimates 
of K and V 
m max 
3 . 3 Results 
3 . 3.1 Evaluation of the methods used in kinetic studies 
Coupled spectrophotometric assays at pH 7.8 and 22°C, showed the 
Sepharose purified PEPC from A. comosus enzyme was most stable in a 
preincubation buffer of pH 7 .8 and it retained 88% of the original activity 
after a 30 minute incubation period. At neutral pH the enzyme appeared 
to be least stable and only retained 62% of its original activity after a 
30 minute incubation. In the usual pH range of kinetic assays (pH 5.5 to 
8 . 5) at least 87% of the original activity was present after a 10 minute 
incubation, which was longer than the routine time taken for preincubation 
and assay of the enzyme. 
Estimates of K (PEP) were usually based on assays which were 
m 
initiated with enzyme, innnediately after the addition of 2 mM NaHC03 . 
The time course of assay was linear, except at acid pH. Below pH 
6.5, the intial rate of reaction declined over the first 60 seconds 
and could not be restored by further addition of HC0 3 . This response 
at acid pH persisted even when the enzyme was stored in 60 mM NaHC03 
at pH 7.8. This precaution was adop~ed routinely, because it gave more 
reproducible kinetic data. These data (Figure 3.1) were always calculated 
on the basis of initial rate of reaction. 
When G-6-P was included in the assay mixture at low PEP concentration, 
- rne rate of reaction (after addition of ~co; and enzyme) increased steadily 
for about three minutes before steady rates were obtained. Because 
_ of this, assays of kinetic properties in the presence of G-6-P were 
initiated with Hco3 + PEP, following three minutes preincubation of 
the enzyme with G-6-P in the assay curvette. 
A series of experiments were conducted on Cellex D pure PEPC 
from K. daigremontiana to check that the kinetic properties of 
the enzyme solution remained the same over a period of time up to 6 hours. 
The rates of reaction with varying substrate (PEP) were measured at 
pH 5.9, 7.5 and 8.5, at intervals over approximately 6 hours. Table 3.1 
shows that there was no change in the K (PEP) or V with time at pH 7.5 
m m~ 
or 8.5 but that there was an apparent 2 fold increase in these kinetic 
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Table 3 .1 The effect of preincubation in buffer pH 7.8, on the kinetic 
properties of Cellex D pure PEPC from K. daigremontiana. 
pH of kinetic assays 
pH 5 . 9 
pH 7 . 5 
pH 8 . 5 
Time 
(hours) 
0.5 
1.7 
3.5 
5.5 
0.5 
2.25 
5.75 
0.5 
1.25 
2 
2.75 
K 
m 
(rnM PEP) 
0.31±0.07 
0.63±0.11 
0.57±0.07 
0.75±0.09 
0.17±0.01 
0.17±0.02 
0.17±0.08 
0.88±0.04 
0.93±0.09 
0.8 ±0 .1 · 
0.69±0.06 
V 
max _1 -L (6E 340nm ml min ) 
0.73±0.06 
1.9 ±0.15 
1.6 ±0.09 
2.0 ±0.1 
1.9 ±0.03 
2.0 ±0.06 
2.0 ±0.24 
3.3 ±0.06 
3.5 ±0.17 
3.1 ±0.17 
2.8 ±0.10 
parameters when the enzyme was assayed at pH 5.9 after 3.5 hours storage 
in assay buffer. 
The change in kinetic properties at pH 5.9 with time after 
resuspension of the enzyme (Table 3.1) were characterised by a 
substantial increase in the initial rate of reaction (Figure 3.2). 
Although V increased two-fold the affinity for PEP decreased to 
max 
about the same extent. These changes in enzyme properties demonstrate 
at acid pH, upon storage at pH 7.8, merit further attention. 
In the experiments which investigated the change in K (PEP) 
m 
with pH, only the initial rates were recorded, but as the usual procedure 
was to resuspend the enzyme and start the assays at acid pH, then to 
work progressively through to alkaline pH, the changes in K and V 
m max 
with incubation time, which are greatest at acid pH, would be 
minimised. 
3.3.2 The effect of pH on PEPC from CAM plants 
When PEPC was assayed as a function of pH (at 22°C) in 
extracts which had been desalted with Sephadex G 25, high activity was 
usually found at acid pH. Figure 3.3a shows the pH/activity profile for 
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Figure 3.3 Relative activity of PEPC from CAM plants as a function of pH 
at different stages of purification. Data for c4 plants~. mays 
and A. vesicaria (c4) are also included. 
these preparations from~. crenata and~. pinnatum as well as for the 
c
4 
plant Zea mays. The CAM plant extracts retained about 60% or more of 
their maximum activity at pH 6.0 and the activity declined to about 40% 
at pH 8.5. In the extract from the c 4 plant Zea mays, negligible activity 
was found at pH 6.0 and the activity remained high at pH 8.5. 
At intermediate stages of purification of these enzymes from CAM 
and c 4 plants, the pH profiles were sometimes not vastly different. For 
example, Figure 3.3b shows that after elution from Cellex D the pH 
profile of the PEPC activity from the c 4 plant A. vesicaria was similar 
to that from the CAM plant A. comosus. The c
4 
plant extract was again 
£elatively active at alkaline pH. Howeve~ Sepharose pure PEPC from 
K. daigremontiana and B. pinnatum retained relatively high activity over a 
very wide pH range (Figure 3.3c). This property of the purified enzyme 
is investigated more extensively in the following sections, with emphasis 
on the 'CO2 ' species in the reaction at acid and alkaline pH and the 
Km (PEP) and Km (Hco;) is analysed as a function of pH. 
3.3.3 The carbon substrate and Km(Hco;J of PEPC from CAM plants 
Kinetic assays to determine the carbon substrate for PEPC were all 
conducted below 9°C and the temperature control within each set of 
assays was ±0.5°C. Filmer and Cooper (1970) noted that below 15°C the 
. -
hydration of co2 takes more than one minute to reach equilibrium~ 
Therefore, rate measurements taken in the first 30 seconds of reaction 
at 9°C reflect the carboxylation reaction kinetics imposed - by the 
carbon species added to initiate the reaction. The kinetic method of 
substrate analysis dep e nds on demonstrating a difference in rate with 
the carbon substrate added to the assay so the concentrations of 
62 
• 
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the carbon species added should be close to the K value (16 µM , s ee below). 
m 
Experiments were conducted using 24 µ Mand 87 µM carbon at each pH of assay 
(pH 6.1 and 8.1). Figures 3.4a,b show that at pH 6.1, Hco; is the 
preferred substrate· for PEPC from K. daigremontiana and this is also 
true at pH 8.1 (Figure 3.4c,d). These curves all show a lag in the 
initial rate of reaction when 'co2 ' was used to initiate the reaction compared 
to the initial rate in the presence of HC03 . 
Figure 3.4a, shows that the co2 + carbonic anhydrase reaction was 
as fast as the Hco3 + carbonic anhydrase reaction, but both were faster 
than HC03 alone, probably because of the contamination of the assay 
-with HC03 introduced with carbonic anhydrase. However, there is still 
an obvious difference and lag in the assay initiated with co 2 , 
which is removed when co2 + carbonic anhydrase is used to initiate the 
-reaction. In the case of the reactions at pH 6.1, both Hco
3 
+ carbonic 
anhydrase and CO 2 + carbonic anhydrase, are intermediate between the rate 
initiated with HC03 alone and co2 alone. The reason for this difference 
in rate compared to the rate of reaction when it is initiated with HC0 3 
alone, is not fully understood. Clearly at both pH 6.1 and 8.1, HCo; 
is the species of carbon preferred by these enzymes. 
The Km (Hco;) was measured with Cellex D pure PEPC from A. comosus 
-
and Sepharose pure PEPC from K. daigremontiana. With a change in HC03 
concentration, at a fixed PEP concentration (1 mM), the kinetics were 
hyperbolic over the pH range 6.2 to 8.0, for both PEPC preparations 
investigated. Figure 3.5 shows the plots of S v e rsus V for PEPC from 
K. daigremontiana at pH 6.22, 7.45 and 8.0 which appear to be hyperbol ic . 
The substrate assays for PEPC from A. comosus were conducted at 22°C wh i ch 
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was not the optimum temperature for these experiments (see below). However 
the Km (Hco;) measured for A. comosus was in the range of that calculated 
for PEPC from K. daigrernontiana and the kinetics were hyperbolic and ordered 
Figure 3.6 for example shows the Lineweaver-Burke plot of data from the 
A. cornosus enzyme at pH 7.8. The maximum velocity of carboxylation for PEPC 
from K. daigremontiana showed a two fold increase in the pH range 
(Table 3.2), while the Km(HC03) remained low over this 
pH range (approximately 16 µM Hco;, at 13.5°C). The Cellex D pure PEPC 
6.2 8.0 to 
from A. comosus showed an increase in Km(Hco;) from 27 µM to 69 µM HC0 3 
for a pH change from 7,S to 7.8 (Table 3.2). The K 
TI1 
(Hco;) concentra-
tions quoted in this discussion are those concentrations of HC03 added 
t_o. the solutions, which in the case of assays conducted at pH 6.0 or 
assays at 22°C are likely to be an overestimate of the concentration 
of HC03 existing in solution. However for PEPC from K. daigremontiana 
this error is likely to be small as the assay temperature was low and 
the rate measurements were taken in the first 30 seconds of reaction, 
(See Table 3 .2 ) . 
3.3.4 The effect of pH and G-6-P on K (PEP) 
m 
The relationship between assay pH and the K (PEP) for PEPC in crude 
m 
desalted extracts of A. comosus and B. tubiflorum is shown in Figure 3. 7. 
A minimum value for K (PEP) was found at about pH 6.8 and the maximum values 
m 
at extremes of acid and alkaline pH were about 5 to 10 times larger. In 
the presence of 1 mM G-6-P the K (PEP) in crude extracts of A. comosus was 
m 
not substantially changed . 
Preliminary experiments with Sepharose pure PEPC from~. pinnatum 
suggested that K (PEP) was relatively insensitive to pH over the range 
m 
pH 6.4 to 8.7 (Table 3.3). However, more detailed studies with Sepharose 
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Figure 3.6 Double reciprocal plots of PEPC activity (Sepharose pure from 
A. comosus) as a function of Hco3-concentration added at pH 7.8 
(22°C). The apparent Km(Hco
3
-) was 27 µM. 
Table 3.2 The effect of pH on Km(Hco;) for PEPC from CAM plants. 
Species, preparation 
K. daigremontiana 
(Sepharose pure) 
A. comosus 
(Cellex D pure) 
Temp °C 
13.5 
13. 5 
13.5 
13.5 
22 
22 
pH 
6.22 
7.5 
7.9 
8.0 
7.5 
7.8 
0.016±0.002 
0.011±0.003 
0.02 ±0.002 
0.019±0.001 
0.027±0.003 
0.069±0.004 
Buch (1960) showed that the equilibrium concentrations of Hco3 at 10°C 
andpH6 .22 were 47% total carbon species; at 10°C and pH 8.0 were 98% 
total; at 22°C and pH 6.2 were 40% total and at 22°C and pH 7.9 were 
93% total. Filmer and Cooper (1970) showed that to achieve equilibrium 
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takes greater than one minute below 15°C . The results quot ed above were 
estimated at the temperatures shown and in the first 30 seconds of reaction 
so according to the data of Buch (1960) the Krn(HC03) estimate at e.g. pH 6.22, 
13.5% for PEPC from K. daigremontiana would be between 0 . 016 rnM (added 
Hco-3 concentration) and 0.0075 mM (equilibrium HC03 concentration) . 
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Figure 3.7 The eff ec t of pH on K (PEP) and V of crude PEPC from 
m max 
A. comosus and B. tubiflorum (after desalting on Sephadex G-25) in the 
presence and absence of 1 mM G- 6-P . 
expressed on a logarithmic scale. 
Note that K (PEP) and V are 
m max 
Table 3.3 The variation in K (PEP) values with pH, for Sepharose pure PEPC 
rn 
from B. pinnaturn. 
pH 
6.4 
7.0 
8.0 
8.7 
K (PEP), mM 
rn 
0.085±0.01 
0.095±0.007 
0.21 ±0.018 
0.233±0.023 
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pure PEPC from K. daigremontiana established that Km(PEP) was minimal 
at about pH 6.8 and increased markedly at both acidic and alkaline pH 
(Figure 3.8). The minimum value for K (PEP) measured with the purified 
m 
enzyme and with the crude enzyme preparations was approximately 0.1 mM 
(Figures 3.7 and 3.8). 
In the presence of 1 mM G-6-P the K (PEP) of Sepharose pure PEPC 
m 
from K. daigremontiana was reduced by a factor of about 5 to 10 throughout 
the entire pH range examined (Figure 3.8). A similar response to G-6-P 
was observed in the Sepharose pure PEPC from A. comosus. 
l.A Conclusion 
Solutions of purified PEPC from CAM plants displayed greatest 
stability at pH 7.8. However at pH 5.9 the time course of assay changed 
with time after suspension of the enzyme. The effect of these changes 
was to increase the K (PEP) and V , determined from the initial rate. 
m max 
The substrate preferred by purified PEPC from K. daigremontiana is 
HC03 at both pH 6.1 and 8.1. Thus this purified enzyme conforms to the 
majority of reports on carbon substrate for PEPC alloenzymes (Maruyama 
et al. 1966; Cooper and Wood 1971; Coombs et al. 1974 and Mukerji 1977). 
Jones et al (1978) speculated that PEPC from the CAM plant,~. fedtschenkoi 
-
may exist in two forms, one of which preferentially utilised co2 at 
pH 5.8. However, this is apparently not the case for PEPC from 
K. daigremontiana which utilised HC03 at pH 6.1. The Km(Hco;) for 
PEPC from K. daigremontiana was low (approximately 16 µM) were ove J a pH 
range 6.2 to 8.0, at 13°C which is in the range reported by Ting and 
Osmond (1973a) and Uedan and Suguyama (1976) for PEPC alloenzymes. 
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At higher temperatures (22°C} PEPC from A. comosus showed a higher 
Km(Hco;) of 27 µMat pH 7.5 which increased to 69 µMat pH 7.8. 
The K (PEP) concentration for both crude and pure PEPC from CAM plants 
m 
was low (0.1 mM PEP) in the pH region of greatest affinity (pH 6.8). G~6-P 
did not have a marked effect on K (PEP) of crude enzymes but increased 
m 
the affinity of purified PEPC 5 to 10 fold in a pH range 6.0 to 8.5. The 
presence of 1 mM G-6-P did not effec t the activity of crude or pure PEPC 
over the same pH range. 
Whether the acquisition of an increased sensitivity to G-6-P 
is an artifact of purification cannot be decided on the basis of present 
evidence. However, it is clear that purified PEPC from K. daigremontiana 
conforms to the low K (PEP) characteristics of CAM plants as discussed 
m 
by Ting and Osmond (1973b). Table 3.4 draws a comparison between substrate 
affinities of PEPC alloenzyrnes from CAM and c4 plants investigated in this 
report. The values of K (PEP) listed in Table 3.4 fall within the range 
m 
of values contained in Table 3.5 which compares recently r eported values 
of Km(PEP) Jor CAM, c4 and c3 species ( When PEPC alloenzymes are 
categorised on the basis of their K (PEP) values, it should be not ed 
m 
t hat r eported val ues of Km(PEP ) are of t en quo ted f o r the pH values which 
gi ve maximum activity , wh i c h i s not necessa r ily the pH of maximum affinity 
in the en zymes investiga t ed in th is r epo rt. Fo r this reason, the 
d i stinctions be t ween c3, c4 , CAM and anaplerotic enzymes may need to be 
r eass ess ed. The h i gh Km (PEP) val ues , r ecent l y r epor t ed fo r the CAM 
plant s B. fedtsche nko i ( 0 .7 mM PEP , Jones et al . 1978) and Aloe arbore s cens 
(0.81 rnM PEP , Kl uge e t a l. 19 79 ) may be exceptions to t he low Km(PEP) 
cha r ac t eri s t ic of CAM plan ts (Ting and Osmond, 1973b) . Alternatively, the 
Kui(PEP) may have been dete rmined at an inapprop r iate pH val ue . 
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Table 3.4 A comparison between K (PEP) values for PEPC alloenzymes of CAM 
m 
CAM 
K. 
and c4 plants, measured at 23°C and the pH values which give greatest 
affinity for PEP. 
Species Preparation 
daigremontiana Sepharose 
K 
m 
(rnM PEP) 
0.1 
Conditions pH, 
Temp °C 
7.0, 23° 
69 
K. daigremontiana Sepharose 0.04 7.0, 23 °' 1 mM G-6-P 
B. pinnaturn Sepharose 
A. comosus G25 
A. comosus G25 
B. tubiflorium G25 
Zea mays Sep ha rose 
3. Atriplex sp. DEAE 
0.1 
0.06 
0.05 
0.1 
1.1 
0.6 
7.0, 23° 
7.4, 23° 
7.4, 23°, 
6. 5, 23° 
8.0, 23° 
8.0, 23° 
1 mM G-6-P 
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Table 3 . 5 Recently reported Km (PEP) values for PEPC from CAM, c4 and 
c3 plants. 
Species 
5 species 
B. fedtschenkoi 
Aloe 
arborescenes 
Mesophyll 
Water tissue 
A. spongiosa 
10 species 
Zea mays 
Zea mays 
Zea mays 
PC I 
PC II 
8 species 
Pathway 
CAM 
CAM 
CAM 
CAM 
c4 
c4 
c4 
c4 
C4 
c4 
CJ 
Preparation K PEP 
m 
mM 
G25 0.19 
Homogeneous 0.7 
G25 0.81 
G25 0.17 
DEAE 0 .49 
Crude 0. 5 -
Crude 0.31 
Sephadex 1.16 
Close to 
homogeneous 0.01 
II II 0.05 
Crude 0.1 
Assay 
Conditions 
pH 7.8, Jo 0 c 
pH 7.8, 25°C 
pH 7 . 0, 25°C 
pH 8. 0, 25°C 
pH 7.8, 30°c 
pH 7.8, 30°c 
pH 8.5, 30°c 
pH 8.0, 22°c 
pH 8.5 
pH 8.5 
pH 7.8, 30°c 
Reference 
Ting & Osmond 1973 
Jones et al. 1978 
--
Kluge et al. 1979 
--
Kluge et al. 
--
1979 
Ting & Osmond 1973 
Ting & Osmond 1973 
Nishikido & 
Takanashi 1973 
Uedan & Sugiyama 1976 
Mukerji 1977 
II II 
Ting & Osmond 1973 
4 THE MODULATION OF PEPC ACTIVITY BY SMALL METABOLITES 
4.1 Introduction 
A review of models of CAM regulation by Kluge (1976), concluded by 
supporting a model which incorporated feed back inhibition of PEPC in 
cooperation with the control of malic acid fluxes across the vacuolar 
tonoplast. This model, in effect, incorporates many of the ideas which 
have been proposed as single controls of the PEPC activity. Kluge (1969) 
and Kluge and Osmond (1972) discussed the feedback inhibition of PEPC by 
malate. Queiroz (1967) demonstrated the inhibition of PEPC by malate 
but has since qualified this inhibition of PEPC in combination with 
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control by a diurnal oscillation in the capacity of PEPC (Queiroz 1974, 1978). 
__ Ting and Osmond (1973) discussed a particular role for G-6-P as an agent 
which might mitigate malate inhibition of PEPC. Osmond and Holtum (in 
press) however, point out that the compartmentation of PEPC and G-6-P has 
to be elucidated before the regulatory role of G-6-P can be assessed. 
As a refinement of the fine control mechanism, Winter (in press) has 
suggested that PEPC from M. crystallinum may exist in two states which 
have different affinities for malate depending on the stage of the day/ 
night cycle. When PEPC was rapidly extracted from CAMM. crystallinum 
during the dark period, it was only slightly inhibited by 0.5 mM malate 
at pH 7.5 and 8.0. When the enzyme was extracted during the light period 
and assayed immediately, 0.5 mM malate resulted in a 20% to 30% inhibition 
of PEPC at pH 8.0 and 80% to 90 % inhibition at pH 7.5 
The PEPC in extracts of many CAM plants has high activity at acid 
pH (Kluge and Osmond 1972) and may function at acid pH in vivo. The 
in vitro evidence for the inhibition of PEPC by malate is substantial 
and the main effect is at low pH (Jones et al. 1978). Moradshaki et al. 
(1978) studied partially purified PEPC from A. comosus leaves and showed 
that the maximum malate inhibition was at pH 6.0 in the presence of 
limiting PEP concentration (O.l mM). 
The mechanism of the malate inhibition is still under discussion. 
Kluge and Osmond (1972), Ting and Osmond (1973a) and Wilkinson and Smith 
(1976), described malate as a non-competitive or mixed inhibitor 
of partially purified PEPC from CAM plants. Jones et al. (1978) studied 
purified PEPC from the CAM plant~- fedtschenkoi and showed that malate 
was a competitive inhibitor . These workers also described a 'hysteritic' 
effect of malate which was observed as a transient burst of activity 
in the assay time course when PEPC was assayed at certain concentrations 
of malate. Frieden (1970) defined ahysteri tic enzyme as one which responds 
slowly to a rapid change in ligand concentration. The lag time in the 
assays of hysteritic enzymes arises either from a slow conformational 
change within the enzyme, which yields a form of the enzyme 
with different kinetic properties, and may be caused by an allosteric 
effector or substrate, or a combination of both. 
This chapter reports further effects of malate and G-6-P on the 
activity of partially purified PEPC from K. daigremontiana and the kinetics 
of the malate inhibition. 
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4.2 Materials and methods 
All chemicals were obtained from Sigma and Calbiochem. The di-sodium 
salt of PEP was used in all the experiments. Stock solutions of L-malic 
acid were titrated to the disodium salt with NaOH before use. 
4.2.1 Buffers and enzyme assays 
For kinetic studies in the pH range 5.5 to 8.5 a 25 mM mES/25 mM 
Bicine, 5 mM MgC1 2 buffer mix was used and is referred to as the assay 
buffer in the following sections. Assay buffer pH 8.0 plus 60 mM NaHC03 
was used as noted in the results, to dissolve the enzyme precipitate in 
some experiments. 
4.3 Results 
4.3.1 The time course of PEPC assays in the presence of malate 
It was found, as others have reported (Jones et al. 1978), that the 
time course of PEPC assays were non linear at certain concentrations of 
malate and the degree of non linearity depended on the sequence of 
addition of rnalate prior to assay. Figure 4.1 shows that when the 
reaction was initiated by adding enzyme to a reaction mix containing both 
malate and PEP, the rate declined with time. However, if the reaction 
was initiated with PEP, after preincubation of the enzyme with rnalate, the 
rate increased with time. At high malate concentrations the rate was 
linear. Evidently, when PEP was added last it slowly overcame the 
inhibitory effect of malate. When rnalate was present at the same time, 
its inhibitory effect was only slowly expressed after the addition of 
enzyme . 
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Figure 4 .1 Time course of PEPC assay (DEAE pure from K. daigremontiana) 
at pH 6.3 (a) initiated with enzyme (b) initiated with PEP after 
enzyme was preincubated in the presence of varying malate concentration. 
The consequences of initiating the reaction with enzyme or with PEP 
are shown in Figure 4.2, in which initial rates of reaction are plotted for 
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a range of malate concentrations. Clearly when the reaction was started with 
enzyme+ HC0 3 , eq uivalent concentrations of malate were much less inhibitory 
or in the case of 1 mM PEP, 0.'5 to 3 mH malate activated the initial rate of 
reaction, compared to reactions initiated with PEP+ HC0 3 . These observations 
and the hysteritic time courses shown in Figure 4.1, suggest that depending 
on th e ratio of concentrations used, PEP protects PEPC against malate 
inhibition. Given the complexities of these time courses of reaction, 
kinetic experiments have been run using both addition sequences. In each 
case the kinetic analysis was based on the initial rates of reaction. 
4.3.2 The inhibition of PEPC by malate at fixed PEP concentrations 
Experiments with Cellex D and Sepharose pure PEPC from K. daigremontiana 
(Figures 4.2 and 4.3 respectively) showed that the inhibition by malate at 
pH 6.3 and 8.0, was apparently hyperbolic. However, the malate inhibition 
was not fully described by these curves in the region of low malate 
concentrations. Estimates of the concentration of malate causing 50% 
inhibition and K.(malate) for the two preparations, are shown in Table 4.1. 
l 
In PEP initiated assays at the K (PEP), the enzyme is extremely 
m 
sensitive to malate at low pH, 0.5 mM to 0.7 mM malate causes 50% inhibition 
at pH 6.3 while at pH 8.0 the 50 % inhibitory concentration of malate ranged 
from 3.8 to 4.5 mM. With 1 mM G-6-P in these assays there is a 3 fold 
decrease in the sensitivity of the enzyme to malate at pH 6.3 and a 7 fold 
decrease at pH 8.0. Previous studies showed G-6-P caused a large decrea se 
in the K (PEP) at these pH values (5 to 10 fold) which will also contribute 
m 
to the higher rates in the presence of malate and G-6-P (Figure 3 .8). 
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Figure 4.2 Effect of malate on PEPC activity (DEAE pure K. daigremontiana) 
at pH 6 . 3 at 0 . 5 mM PEP , in assays initiated with enzyme or PEP. 
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Figure 4.3 Effect of mala t e on PEPC activity (Sephar?se pure from 
K. daigremontiana p r eparation A) at pH 6 . 3 and 8.0 . Each assay was 
run at K (PEP ) appropriate to these pH values. Assays were initiated 
m 
by the addition of PEP after preincubation of enzyme with malate 
( ± 1 mM G-6-P) . 
Table 4.1 A surrnnary of the inhibitory effects of malate on PEPC from 
K. daigremontiana. (a) Sepharose pure enzyme at K (PEP)± G-6-P; 
m 
(b) Cellex D pure enzyme at K (PEP) and saturating (PEP). The type 
m 
of inhibition was not determined for the Cellex D pure enzyme. 
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Enzyme pH PEP G-6-P 50% inhibitory Type of K. malate 
mM mM malate, mM inhibition l mM 
(a) 
K. daigremontiana 6.3 0.05 0.7 competitive 0.95 
-
Sepharose pure 6.3 0.05 1.0 2.5 
8.0 1.0 4.5 competitive 4.6 
8.0 1.0 1.0 30 
(!?) 
K. daigremontiana 6.3 0.05 0.5 0.31 
-
Cellex D pure 6.3 0.5 0.5 
8.0 0.1 1.5 0. 93 
8.0 1.0 3.8 
I I 
When these data were plotted in the form reconnnended, of the 
reciprocal of velocity versus malate concentration (Dixon and Webb 1966), 
the intersection of the lines so formed at different PEP concentrations 
provides an estimate of K. malate. Figure 4.4a shows these plots for 
l 
Sepharose pure PEPC from K. daigremontiana which gave K. malate estimates 
l 
of 0.13 mM malate at pH 6.2~and Figure 4.4b estimates K. malate to be 
l 
4.6 mM at pH 8.0. 
4.3.3 The kinetics of malate inhibition in enzyme initiated reactions 
When PEPCarboxylase assays were initiated by the addition of enzyme 
to reaction mixtures containing both PEP and malate, reaction rates 
d~creased with time, particularly at acid pH. Figure 4.5 and 4.6 
show the S versus V plots for these analyses at pH 6.~5 and pH 7.95. In 
these assays malic acid behaves as a simple competitive inhibitor, as 
judged by the double reciprocal plots in Figures 4.7 and 4.8. Addition 
of 1 rnM G-6-P to the reaction mixture, in the presence of malate, 
greatly stimulated PEPC activity at low PEP concentrations, particularly 
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at acid pH. In fact, G-6-P (in the presence of malate) often stimulated 
PEPC activity beyond that of control assays at equivalent PEP concentrations. 
(This behaviour was also noted by Ting and Osmond, 1973, with crude PEPC 
preparations from CAM plants). The S versus V plots in the presence of 
G-6-P were distinctly non-hyperbolic and in double reciprocal form display 
disorded kinetics with some suggestion of negative cooperativity. 
The interaction between malate and varying PEP concentrations was 
investigated for the Sepharose pure PEPC from~- pinnatum, at pH 8.0 in 
the presence of 3 mM and 6 mM malate. The inhibition was competitive and 
these was little difference in the effect of 3 mM malate compared to the 
effect of 6 mM malate. 
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4.3.4 The kinetics of malate inhibition in PEP initiated reactions 
When the above experiments were repeated in PEP initiated reactions 
after the enzyme had been incubated in the presence of malate, with or 
without G-6-P, very different kinetic relationships were obtained. At pH 
6.3 and 8.0, the S versus V plots for PEPC in the presence of malate 
remained apparently hyperbolic (Figures 4.9 and 4.10). The addition of 
G-6-P was however rather less effective at pH 8.0 than at pH 6.3. 
When these data were replotted in double reciprocal form to assess 
the type of inhibition exerted by malate, the complexity of these inter-
actions became apparent (Figures 4.11 and 4.12). At both pH values and in 
the presence and absence of G-6-P, the kinetics of PEPC in the absence 
of malate are represented by straight lines. However, the presence of 
malate (1 . 5 and 10 mM) at pH 6.3 resulted in plots which were concave 
downwards. This type of relationship is indicative of negative 
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cooperativity (Engel 1977). The presence of 1 mM G-6-P at pH 6.3 (Figure 4.11) 
appears to overcome the negative cooperativity at low ma.late concentration 
(1.5 mM) but not at high malate concentrations (10 mM). At pH 8.0, straight 
line reciprocal plots are again obtained in the absence of malate. At 
1.5 mM malate there is a slight indication of a bi-phasic relationship 
which is once again apparent at 10 mM malate (Figure 4.12). Although 
1 mM G-6-P does not change the uninhibited kinetics of PEPC at pH 8.0, it 
heightens the negative cooperativity in the presence of 1.5 mM malate and 
has no effect in the presence of 10 rnM malate (Figure 4.12). 
4.4 Conclusions 
It is evident from the above experiments with Sepharose pure PEPC 
from K. daigremontiana, that the enzyme exhibits some hysteritic properties 
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in the presence of malate. These are most evident at acid pH with 
malate concentrations up to 3 mM. There is an acceleration of the reaction 
rate when the enzyme is incubated in the presence of malate and the reaction 
is initiated by PEP but the rate declines in assays which are initiated 
by enzyme. These hysteritic effects complicate the kinetic analysis of the 
inhibitory effects of malate and their mitigation by G-6-P. 
These complications are minimal in the experiments initiated by enzyme, 
which show that malic acid is a competitive inhibitor (Figures 4.7, 4.8). 
The presence of G-6-P under these circumstances seems to restore reaction 
velocity, particularly at acid pH and low PEP concentration, apparently 
introducing a measure of negative cooperativity. However, this inter-
pretation requires qualification because it is obvious that the previously 
observed effect of G-6-P in lowering the K (PEP)(Figure 3.8) could 
m 
effectively overcome the effects of a competitive inhibitor. 
The situation is much more complex however, because preincubation 
of the enzyme with malate results in much greater inhibition of the 
initial rate (Figure 4.5). Moreover, preincubation with malate results 
in complex kinetics which again suggest negative cooperativity 
(Figures 4.11, 4.12) and G-6-P has relatively little impact on these 
processes. 
Much further critical study of these processes is required but the 
present data encourage speculation along the following lines: 
(a) malate is primarily a competitive inhibitor of PEPC and this 
inhibition is mitigated in the presence of G-6-P because this substrate 
increases the affinity of the enzyme for PEP. 
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(b) malate has secondary effects on the activity of PEPC which are 
expressed only after some minutes preincubation of the enzyme with :malate 
in the absence of PEP. These hysteritic responses to malate appear to 
prevent the normal kinetics of PEP binding and introduce negative co-
operativity. 
Thus although the data indicate that malate inhibition will be over-
come by an increase in PEP concentration, the kinetic behaviour in the 
presence of malate is complex. Evidently malate is not a simple competitive 
inhibitor, but by introducing negative cooperativity with respect to the 
substrate PEP, malate may become an even more powerful inhibitor of 
PEPC in vivo. 
These responses of PEPC to malate, and the role of G-6-P in protecting 
the enzyme, are most pronounced at acid pH. Thus they are potentially 
most effective as regulators of cytoplasmic PEPC in vivo towards the 
end of the normal acid accumulation cycle, and during deacidification in 
the light in CAM plants. Whether these complex secondary inhibitory 
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effects of malate on PEPC activity can be related to changes between molecular 
forms of the enzyme, remains to be determined. 
5 TEMPERATURE EFFECTS ON THE KINETICS OF PEPC ALLOENZYMES 
5.1 Introduction 
Large diurnal variations in temperature are a feature of the 
environment of CAM plants so the variation of the kinetic behaviour 
of PEPC from CAM species with temperature is potentially an important 
area of investigation. Brandon (1967), Brandon and van Boekel-Mol 
(1973) and Lakso and Kliever (1975) have demonstrated and discussed a low 
temperature optimum for malic acid synthesis in CAM plants compared to 
the optimum temperature of decarboxylation which presumably reflects 
the control of PEPC activity in these plants as a function of 
temperature. 
Moradshaki et al. (1978) partially purified PEPC from the CAM plant 
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A. comosus and showed a temperature dependence in its pH/activity profile, 
changing from a broad activity profile between pH 5 and 9 at 15°C to an 
optimum at pH 8.4 when the enzyme is assayed at 30°C. This behaviour might 
favour the continued synthesis of malic acid at acid pH and low (night) 
temperature and might reduce PEPC activity at low pH during the 
higher (day) temperature. 
Jones et al. (1978) studied homogeneous PEPC from B. fedtschenkoi 
and demonstrated a maximum activity at 35 to 40°C, reversible denaturation 
above 50°C, and irreversible denaturation below 50°C which was dependent 
on the presence of substrate and the concentration of the enzyme 
solution. In these assays the kinetic plots of PEPC were hyperbolic at 
all assay temperatures and the enzyme displayed maximum affinity for PEP 
at 25°C (K PEP, 0.7 mM). Jones et al. (1978) postulated a temperature 
m 
dependent conversion of the enzyme between an active and inactive fo rm . 
Studies on PEPC from the c4 plants Zea mays by Uedan and Syguyama 
(1976) and Mukerji (1977) showed a temperature dependent slope change 
in the Arrhenius plots and Mukerji (1977) showed the major PEPC isoenzymes 
had a temperature optimum of 40°C for maximal activity at pH. 
This chapter describes the kinetic behaviour of purified PEPC from 
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the CAM plants A. comosus and K. daigremontiana over a range of temperatures 
and two pH values, then compares these results with those of partially 
purified PEPC from c4 plants. 
5.2 Materials and methods 
All chemicals were obtained from Sigma or Calbiochem. The PEP used 
in all assays was the di-sodium salt. 
The enzymes used were prepared by similar methods to those outlined 
in Chapter 2. The PEPC alloenzymes used and purification stages were: 
CAM - Cellex D pure PEPC from K. daigremontiana and A. comosus; c4 -
Cellex D pure PEPC from Atriplex halimus and Atriplex spongiosa and Sepharose 
pure PEPC from Zea mays. 
Temperature control in the spectrophotometric assays was 
achieved by a circulating water bath and was measured to within 0.5°C 
with a thermistor thermometer. The pH of the assay mixtures was checked 
at the completion of each assay. In the experiments at acid pH, 
2 mM NaHC0 3 was added to the curvettes inunediate-ly before the enzyme 
addition to the usual assay reaction mix (Chapter 2). 
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5.3 Results and discussion 
The effect of temperature on Cellex D pure PEPC from K. daigremontiana 
was studied at pH 8.0 and 6.4 and preliminary assays showed the enzyme 
retained 88% of its initial activity after incubation at 38°C, pH 8.0, in the 
absence of PEP for 20 minutes. At pH 8.0, the maximum activity w~s 
obtained at a temperature of 43°C, and at pH 6.4 the maximum rate of 
reaction was still increasing at 38°C, as shown in Figure 5.1. The Q10 
between 10° and 20° appeared to be about 2.5 at pH 6.4, but at pH 8.0, 
the Q10 was approximately 4.3. The Q10 declined at temperatures above 20°C. 
The substrate kinetics of PEPC from Cellex D pure K. daigremontiana 
at pH 6.4 were hyperbolic at all the temperatures measured, in the range 
10-29°C (Figure 5.2a). At 34 and 35°C the behaviour is similar and while 
the hyperbolic response to PEP is still visible at 38°C, the rate of 
reaction at low concentrations of PEP is less than at lower temperatures 
and less than that predicted by Michaelis-Menten kinetics (Figure 5.2b). 
At pH 8.0 the kinetics are also hyperbolic at 29°C (Figure 5.3a). 
However, in the range 33°C to 43°C the rate of reaction with PEP 
concentrations less than 1 rnM, are less than expected from normal 
hyperbolic kinetics (Figure 5.3b). Theae results could have been a reflection 
of any instability of PEP at elevated temperatures. At 43°C the enzyme appea rs 
disordered and difficult to saturate, only approaching saturation at concen-
trations of PEP greater than 7 mM. A similar situation existed at 46°C and these 
assays are shown in Figure 5.4. 
When the activity of PEPC alloenzymes from CAM plants is expressed as a 
percentage of the activity at 2 mM PEP as shown in Figure 5.5., a 
definite difference is seen in the kinetic responses at low PEP concentra-
tions. At least for Cellex D pure PEPC from K. daigremontiana at pH 8.0, 
the kinetic response from low PEP to saturation (eg 43°C curve shown in 
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Figure 5.4), at high temperature, is almost biphasic above and below 
2 mM PEP but response below 2 mM PEP is hyperbolic, This is compared 
to the sigmoidal responses of the c4 alloenzymes from A. halimus and Zea mays 
at 40° and 41° respectively assayed at pH 8.0 
The sigmoidal response demonstrated by the c4 alloenzymes of PEPC 
at high temperature (as low as 28° in the case of Sepharose pure PEPC 
from Zea mays) could be a true homotropic response which facilitates 
a large rapid increase in rate for a small increase in substrate concen-
tration. It could also indicate that the enzyme is easily denatured 
at higher temperatures if the substrate were a stabiliser when present 
in sufficient concentration. PEPC from K. daigremontiana, 
incubated at 38°C without PEF, retained 84% of its activity after 20 
minutes. As mentioned by Ueoan and Sugiyama (1976) glycerol acts as a 
stabiliser on purified PEPC from Zea mays, and might stabilise the 
sigmoidal response of c4 alloenzymes assayed at 40°C, but this was not 
tested. 
Arrhenius plots of the saturation velocities (at pH 8.0 and 6.4) 
with absolute temperature for PEPC from K. daigremontiana are shown 
in Figure 5.6. The plots are non linear at both pH 8.0 and 6.4 with a 
discontinuity at 19°C which corresponds to an increase in the activation 
energy below this temperature. At pH 8.0 the Arrhenius plot suggests 
a downward curvature beyond 41°C which could indicate another change in the 
enzyme . However, it may also indicate that the PEPC from K. daigremontiana 
was not saturated when assayed at pH 8.0 and 46°C, and other experiments 
0.8 41° 
! 
I 0.6 
.......... ~. 
C 
E 
I 0.4 o\• E 19° 
E Js: 0 . 
"J C: 0 0.2 "<t \ 0 C") • w <l 
->- 0 
-> 
·-
-u • 0 
u -0.2 0 
0.. 
w 
0.. 
-
0 
-0.4 pH 8.0 ..... O> • 0 
--' 
-0.6 oPH 6.4 
\ 
3.0 3.2 3.4 3.6 
10 3 /T (oK-1) 
Figure 5.6 Arrhenius plots of V of PEPC (Sepharose pure from 
max 
-
K. daigremontiana, preparation B) as a function of absolute temperature. 
-1 pH 8.0, 10° to 19°, Ea= 25.4 KCal mole ; pH 8.0, 19° to 41° , 
E = 8.76 KCal mole-land pH 6.4, 10° to 35°, E = 15.6 
a a 
-1 KCal mole . 
(Figure 5.4) indicate that the enzyme was not saturated at 9 mM PEP. 
There is always the possibility that the structure of the active site 
underwent changes at high temperatures which made saturation impossible, 
Figure 5.7a,b,c compares the variation in K PEP with temperature 
m 
for CAM and c4 PEPC alloenzymes. The K PEP values for PEPC from m 
K. daigremontiana (Figure 5. 7a) show that over a temperature range of 
10° to 38° there is a consistently higher affinity at pH 6.4 than at 
pH 8.0. The K PEP in both cases remains unchanged (up to 0.3 mM PEP, 
m 
pH 6.4 and pH 8.0) over a 10 to 30°C temperature assay regime. At 
pH 6.4 it increases slowly above 30°C but at pH 8.0 a much more rapid 
increase in the K is observed. 
m 
Cellex D purified PEPC from Zea mays assayed at its pH optimum 
(pH 7.8) shows much the same respons e as the CAM alloenzyme between 
10° and 30°C, with a minimum value of K PEP in the region of 1 mM PEP 
m 
(Figure 5.7b). Three fold increases in K were found with this enzyme. 
m 
The variation of Km PEP with temperature in the c4 alloenzyme of PEPC from 
A. vesicaria had a diffe rent profile from that of Zea mays (Figure 5.7c). 
Here K PEP values were high at low temperatures (1.5 to 2 mM at 7°C) and 
rn 
decreased to minimum values (0.6 mM) between 15 and 30°C, with a gradual 
decrease in affinity above 30°C. When A. vesicaria was grown at low 
(8°day/6°night) and high (28° day/20° night) temperature regimes before 
the extraction of these enzymes, the K PEP profiles of the enzyme were 
m 
unchanged (Figure 5.7c). 
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5.4 Conclusions 
Before any useful conclusions can be drawn as to the significance 
in vivo of the effects of temperature on the kinetic properties of PEPC 
one must be sure that in vitro responses are not artifacts due to the 
denaturation of purified enzymes. The Sepharose pure PEPC from 
K. daigremontiana investigated in this chapter appeared to be relatively 
more stable at high temperatures at acid pH than at pH 8.0. Although it 
retained 88% of its activity after 20 min incubation at pH 8.0 and 38°C, 
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the kinetics with respect to PEP were disordered in assays between 28 and 46°. 
At pH 8.0 and 43°C for example, the V declined and the enzyme showed a 
max 
peculiar biphasic response to PEP. This might indicate a dissociation 
of the enzyme into multiple forms with different kinetic properties. 
Jones et al. (1978) reported a reversible denaturation B. fedtschenkoi 
of PEPC at pH 7.8, between 30°C and 50°C, and the enzyme studied here 
appears to behave as an active tetramer and an active dimer under 
different conditions (Chapter 3). Further studies are required to account 
for the anomolous kinetic behaviour at high temperature. 
Another indication of unusual behaviour with -respect to temperature 
at pH 8.0 is shown in the Arrhenius plots of V 
max 
At pH 8.0 a distinct 
discontinuity was observed at 19°C, but at pH 6.4 this discontinuity was 
scarcely evident. Jones et al. (1978) reported a slight discontinuity 
at 20°C when PEPC from B. fedtschenkoi was assayed at pH 7.8, but the 
purified enzyme from Zea mays gave very different responses in two 
different studies. Uedan and Sugiyama (1976) observed a discontinuity 
at 10.8°C when assayed at pH 7.5, whereas Mukerji (1977) found this 
break at 25°C when the enzyme was assyed at pH 8.5. The physical bases of 
these responses are not known and can only be resolved by further 
investigations at a range of pH values, but it is conceivable that enzyme 
subunit dissociation could contribute to the differences- observed. 
The response of K (PEP) as a function of temperature in the 
m 
Sepharose pure PEPC from K. daigremontiana was to remain fairly constant 
and low in the temperature range 10 to 30°C. In the present study K (PEP) 
m 
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assayed at pH 8 . 0 or pH 6.3 showed that at pH 6.3 the enzyme showed slightly 
more affinity across the temperature range than at pH 8.0 and this may have 
some significance in vivo for the periods when PEPC operates in an acid 
environment. 
The K. daigremontiana plants used in the present work appear to display 
an optimum for dark co2 fixation at about 17°C (Medina, unpublished). 
However, the response of K (PEP) to temperature of the PEPC from 
m 
K. daigremontiana is not different from that of the cold sensitive c4 
plant Zea mays. Although the resonse of K (PEP) to temperature from 
m 
cold tolerant c4 plants such as Atriplex differs from that of Zea, the 
response profile does not change when these cold tolerant plants are 
grown at high or low temperature. Moreover, the decreasing affinity of 
Atriplex PEPC from its substrate at low temperatures is difficult to 
reconcile with any specific adaptation to low temperature. By the same 
token, there is no evidence that the kinetic responses of PEPC from 
K. daigremontiana reflect any specific adaptation which can lead to 
optimal acidification at 17°C. 
6 KINETIC AND MOLECULAR PROPERTIES OF PEPC IN THE REGULATION OF CAM 
There is now some agreement that PEPC of CAM plants is a cytoplasmic 
enzyme (Spalding et al. 1979). There is also agreement that during 
dark co2 fixation and malic acid synthesis in CAM plants, the concentration 
of malic acid in the cytoplasm will increase as the vacuolar concentration 
II increases (Luttge and Ball 1979). It is thus clear that PEPC in CAM plants 
must sometimes function in an acidic environment due to high concentrations 
of malic acid. Estimates of cytoplasmic pH in the vicinity of 1 to 10 rnM 
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" have been adopted by some workers (Luttge and Ball 1979; Winter, unpublished). 
In this context the kinetic properties of PEPC at acid pH in the presence 
of malate, are likely to be relevant to the regulation of this enzyme 
in vivo. 
In the present experiments I have established that the purified 
PEPC from K. daigremontiana were HC0 3 as the carbon substrate at pH 6.1. 
The Km(Hco;) for this enzyme was 16 µM (at pH 6.5) and for purified 
enzyme from A. comosus was 27 µM (pH 7.5). When cytoplasmic pH is in the 
-
region of 6.5 the concentrations of HC03 and co 2 in equilibrium with air 
will be approximately equal and in the vicinity of 10 µM. Thus it seems 
likely that PEPC in CAM plants, functions somewhat below its Km(Hco;) 
in vivo, particularly towards the end of the acidification cycle. 
The K (PEP) for purified PEPC from all three CAM plants examined 
m 
in this thesis was minimal at neutral to acid pH (approximately 0.1 mM 
PEP) and the enzyme showed maximum velocity at least 60% as high as 
that at alkaline pH. (Although the enzyme was much more sensitive to malate 
inhibition at acid pH (K. (malate) approximately 1 mM at pH 6. 3) the 
l 
protection against malate inhibition by G-6-P was also most effective 
at acid pH. These observations suggest that the feedback control of 
PEPC by malate, at acid pH, although particularly effective, is subject 
to modification by low concentrations of other effectors. The interactions 
between malate and G-6-P proposed by Ting and Osmond (1973) and further 
substantiated by Cockburn and McAulay (1977) seem quite plausible 
regulatory processes in vivo on the basis of these data. 
Of particular interest is the mechanism of interaction of these 
ligands. The preliminary studies reported here suggest that malate is 
a competitive inhibitor of PEPC with respect to PEP but are 
complicated by the fact that malate appears to introduce some negative 
cooperativity in the enzyme kinetics. The interactions of malate and 
PEP are highly dependent on the sequence of addition to the reaction 
mixtures and require further systematic evaluation. The effectiveness 
of G-6-P in mitigating against malate inhibition seems to be dependent 
on a substantial decrease in K (PEP). 
m 
The interpretation of these kinetic interactions and of the 
response to temperature may be clarified if a stable, active preparation 
of the enzyme in different molecular forms can be investigated. During 
purification it became evident that both dimeric and tetrameric forms 
-
of the enzyme retained catalytic activity. It is conceivable that these 
forms may differ in kinetic properties and the proportions of these 
forms may vary with pH or malate concentration. These speculations are 
encouraged by evidence from the PEPC from M. crystallinium at different 
stages of the day/night cycle (Winter, in press). The enzyme from this 
88 
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CAM plant appears to change in sensitivity to malate inhibition in a 
regular fashion, being most sensitive to malate during deacidification 
in the light period and least sensitive during the dark CO 2 fixation and 
acid synthesis. Whether these properties are shared by other CAM plants 
remains to be established. However, the increasing sensitivity to malate 
inhibition at acid pH described in this thesis and the negative cooperativity 
introduced by malate, imply that PEPC is unlikely to be very effective 
in the presence of malate and in an acid cytoplasm during deacidification 
in the light. Further studies of the relationship between kinetic 
properties and molecular structure are needed as a basis of interpretation 
of the regulatory properties of PEPC in vivo. 
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